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ARTICLE INFO ABSTRACT

Keywords: Dieback in temperate forests is understudied, despite this biome is predicted to be increasingly affected by more

Deﬂdroec‘)lf’gy ) extreme climate events in a warmer world. To evaluate the potential drivers of dieback we reconstructed changes

?arly'wa;r“‘?g signals in radial growth and intrinsic water-use efficiency (iWUE) from stable isotopes in tree rings. Particularly, we
agus sylvatica

compared tree size, radial-growth trends, growth responses to climate (temperature, precipitation, cloudiness,
number of foggy days) and drought, and changes in iWUE of declining and non-declining trees showing con-
trasting canopy dieback and defoliation. This comparison was done in six temperate forests located in northern
Spain and based on three broadleaved tree species (Quercus robur, Quercus humilis, Fagus sylvatica). Declining
trees presented lower radial-growth rates than their non-declining counterparts and tended to show lower
growth variability, but not in all sites. The growth divergence between declining and non-declining trees was
significant and lasted more in Q. robur (15-30 years) than in F. sylvatica (5-10 years) sites. Dieback was linked to
summer drought and associated atmospheric patterns, but in the wettest Q. robur sites cold spells contributed to
the growth decline. In contrast, F. sylvatica was the species most responsive to summer drought in terms of
growth reduction followed by Q. humilis which showed coupled changes in growth and iWUE as a function of tree
vigour. Low growth rates and higher iWUE characterized declining Q. robur and F. sylvatica trees. However,
declining F. sylvatica trees became less water-use efficient close to the dieback onset, which could indicate
impending tree death. In temperate forests, dieback and growth decline can be triggered by climate extremes
such as dry and cold spells, and amplified by climate warming and rising drought stress.

Quercus humilis
Quercus robur
Water-use efficiency

1. Introduction

Climate warming is making temperate forests to be more limited by
water availability (Babst et al., 2019). These forests are often dominated
by broadleaf hardwood species or by conifers, and subjected to seasonal
cool and wet conditions, but they are also vulnerable to acute heat- and
drought-stress (Allen et al., 2015). In this biome, water shortage and
heat waves have already caused reductions in forest productivity,
decreased carbon uptake and nutrient assimilation, altered carbon
allocation and enhanced water-use efficiency (Bréda et al., 2006,
Camarero and Fajardo, 2017, D’Orangeville et al., 2018; Rubio-Cua-
drado et al., 2018). Drought and reduced soil moisture also diminished
leaf area of affected tree species, either through early senescence or
partial canopy dieback, reducing carbohydrate pools and radial growth
(Fritts, 1962; Filewod and Thomas, 2014). For instance, droughts have
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synchronized abrupt growth declines across north-eastern America
(Pederson et al., 2014) and central Europe temperate forests (Zang et al.,
2014) conditioning post-drought recovery (Druckenbrod et al., 2019).

The tolerance to drought, in terms of growth recovery or loss, varies
among tree species and populations of temperate forests. In the case of
shade-tolerant angiosperms, such as oak and beech, they tend to present
a high growth resistance but a low resilience (Zang et al., 2014; Gazol
etal., 2017,). Different drought responses have been also documented in
mixed oak-beech stands with better performance for beech (Pretzsch
et al., 2013). However, we lack long-term assessments of the responses
of oak and beech forests to droughts causing dieback (sensu Manion,
1981). This information is urgently needed to forecast how warmer and
drier conditions will affect the vitality of temperate forests and under
which conditions dieback will occur.

Severe drought can impair the hydraulic functioning and carbon
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balance of broadleaves leading to dieback and tree death (Adams et al.,
2017). Global comparisons of conspecific surviving and dying trees
found strong and long-lasting declines in radial growth before tree death
in gymnosperms, but shade-tolerant angiosperms tended to show small
and short-term (median 16 years) growth reductions preceding tree
death (Cailleret et al., 2017). In that analysis, oaks showed fast growth
declines before tree death (see also Pedersen, 1998), which agrees with
its low resilience and short-term post-drought legacies (Anderegg et al.,
2015). However, gymnosperms are much more represented than an-
giosperms in global assessments of growth patterns (Cailleret et al.,
2017) and physiological mechanisms (Adams et al., 2017) of
drought-induced dieback and tree mortality. Here we aim at filling that
research gap by complementing tree-ring data with physiological in-
formation derived from carbon isotope data measured in wood. We also
analyze if growth and isotope patterns can be complemented and used as
early-warning signals (cf. Camarero et al., 2015) of tree death since
current algorithms based solely on growth data have poor predictive
power in some broadleaf species (Pedersen, 1998; Wyckoff and Clark,
2002).

The equatorward limit (rear edge) of temperate forests is formed by
either subtropical or Mediterranean biomes and forests near that limit
face variable dry conditions (Frelich et al., 2015). This is the case of
northern Spain, where major European hardwood species find their
southernmost distribution limits such as the pedunculate oak (Quercus
robur L.) and the European beech (Fagus sylvatica L.), but also
sub-Mediterranean, transitional species as the downy oak (Quercus
humilis Mill.). These rear-edge populations are occurring at sites with
suboptimal conditions in temperate areas with variable Mediterranean
influence, characterized by warm and dry conditions during the growing
season (Giorgi and Lionello, 2008). It could be expected that forecasted
hotter droughts (droughts accompanied by warmer temperatures) will
reduce growth of these marginal tree populations, and trigger forest
dieback rising mortality rates (Sanchez-Salguero et al., 2017). Since the
regional thermal and rainfall regimes in Mediterranean areas, and
therefore forest growth, depend on atmospheric patterns such as the
Northern Atlantic Oscillation (NAO) (Camarero, 2011), we also explored
their links with tree growth. In this study, we followed a multi-proxy
approach (Colangelo et al., 2017a), and analysed the radial-growth
patterns and carbon isotope discrimination of coexisting, conspecific
trees showing different canopy dieback (declining vs. non-declining
trees) of three broadleaf species (Q. robur, Q. humilis and F. sylvatica).
We also modelled growth trends, analysed early-warning growth signals
and quantified the growth responses to climate variables and drought.
By analyzing the §'3C of wood the intrinsic water-use efficiency (iWUE),
which is the ratio between photosynthesis (A) and stomatal conductance
(gs) rates, was calculated to reconstruct water- and gas-exchange dy-
namics (Farquhar et al., 1982, 1989).

In comparison with non-declining trees, we hypothesize that
declining trees will show: (i) lower radial-growth rates and variability in
response to drought, (ii) higher growth responsiveness to warmer and
drier conditions during the growing season, and (iii) a poorer ability to
regulate gas exchange and water loss through leaves, i.e. a lower iWUE
due to low A and/or high g (cf. Hentschel et al., 2016). Following
Gessler et al. (2018) we also expect that declining trees will show a
sudden growth drop and be water-use inefficient. Alternatively, lower
growth but higher iWUE might be a consequence of increased transpi-
ration rates and reduced g;, a plausible scenario in the moderately ani-
sohydric F. sylvatica (cf. Pflug et al., 2018) than in anisohydric oaks. We
also expect that tree death can be preceded by a tipping point in radial
growth, representing a critical transition from non-declining to
declining growth patterns.
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2. Materials and methods
2.1. Study sites and tree species

We studied two stands per species showing recent climate-related
dieback according to local forest managers and owners, who checked
for the lack of influence of pathogens and pests on tree vigour. In the
selected stands, the spatial pattern of dieback was characterized by
patchy or scattered groups of declining and recently dead trees affecting
at least 25 % of the individuals. Study sites are located in northern Spain
(see their characteristics in Table 1 and Fig. S1). The study forests are
pure, uneven aged stands resulting from sexual reproduction and not
subjected to silvicultural treatments as thinning or coppicing at least
since the 1960s.

In the case of Q. robur, we selected two rather flat sites with high
forests and deep, well-developed, clay soils (Beluntza and Alsasua)
presenting dominant trees with abundant crown dieback across approx.
10 ha (Fig. S1). In these sites, soils can be waterlogged in winter and dry
in summer. Other woody plant species present in these forests are:
Corylus avellana, Crataegus monogyna, Ilex aquifolium, and Hedera helix.
The basal area ranges between 20 and 40 m? ha™! and the density be-
tween 400 and 600 stem haL.

The two Q. humilis stands were high forests (Galdeano and Ara-
mendia, Table 1), with basic soils and understory dominated by Buxus
sempervirens, Juniperus oxycedrus and Crataegus monogyna. In these sites,
tree density was similar (1150 stem ha’l), but basal area was higher in
Galdeano (66.2 m? ha’l), where oak coexisted with F. sylvatica, than in
Aramendia (36.9 m? ha™!), where oak coexisted with the drought-
tolerant Holm oak (Quercus ilex), and dieback was more intense ac-
cording to defoliation and growth data (see Table 2).

In the F. sylvatica sites (Eraso and Lokiz, Table 1), the understory
includes Juniperus communis, Prunus spinosa and Rosa canina, and soils
are thin and developed on limestones. The basal area was higher in Lokiz
(29.0 m? ha™1) than in Eraso (24.5 m? ha™!). The two sites are high
forests, i.e. stands mainly regenerated from seedlings with long rotation
periods, but open areas were also found in Lokiz corresponding to past
thinning in the 1950s (Fig. S1).

In the northernmost sites (Beluntza, Alsasua and Eraso), climatic
conditions are mild and temperate according to local data with mean
annual air temperature of 11.4 °C and annual precipitation ranging
between 793 and 1208 mm. However, in the southern sites (Galdeano,
Aramendia, Lokiz) climate conditions are drier with mean annual tem-
perature of 12.6 °C and annual precipitation ranging between 620 and
845 mm. The driest and warmest months are July and August, whereas
the wettest period is from November to January and the coldest months
are January and February. Frosts occur during winter. The climatic
water balance is negative from June to September in southern sites.

The three study species are winter deciduous. Oaks form ring-porous
wood, but beech forms diffuse-porous wood. F. sylvatica is a late-
successional which outcompetes oak when they coexist in the beech
optimum (Cavin et al., 2013). Both oak species are shade-intolerant with
Q. robur dominant in valley bottoms with high potential soil water
availability, and Q. humilis found in mountain sites with low different
potential soil water availability across central and southern Europe
(Damesin and Rambal, 1995). Since the two study oaks hybridize, we
selected pure stands and checked morphological features (leaf and fruit
shape, bark) to distinguish each species (Granda et al., 2017).

2.2. Field sampling

The two sites selected for each species showed clear symptoms of
drought-triggered dieback, including abundant trees showing crown
dieback, growth alterations (e.g., abundant epicormic shoots and dead
buds and branches) and severe growth reduction or tree death after
recent dry or warm spells (Table 1, Fig. S1). We sampled pairs of
dominant trees showing contrasting crown transparency or defoliation,
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Table 1
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Sites dominated by temperate hardwood species (oaks, European beech) showing recent dieback episodes in northern Spain.

Tree species Site (code) Latitude Longitude Elevation (m a.s. Slope (°)  Orientation  Year of dieback Timespan of tree-ring width
N) W) L) onset series
Quercus robur Beluntza (BE) 42° 57" 06” 2° 53 25" 610 2° S 2017 1824-2017
Alsasua (AL) 42° 53’ 50" 2° 05’ 03" 615 5° N-NE 2016 1851-2017
Galdeano (GA) 42° 44 06" 2° 06’ 26” 649 22° S 2017 1937-2017
Quercus Aramendia
humilis (AR) 42° 42' 59" 2° 06’ 42 683 5° SE 2017 1925-2017
F sylvatica Eraso (ER) 42° 57" 10" 1° 48 02" 547 10° w 2017 1890-2016
asus 5 Lokiz (LO) 42° 43 16" 2°10' 36" 1010 15° N-NE 2016 1768-2017
Table 2

Size and growth variables of the sampled trees. Tree type: ND, non-declining tree, D, declining tree. Different letters indicate significant (p < 0.05) differences ac-

cording to t tests.

Species Site Tree type Defoliation (%) Dbh (cm) Height (m) Age (yrs.) No trees Mean tree-ring width (mm) Correlation with mean series
BE ND 5+ 1a 53.7 + 1.1b 27.1 + 0.6b 145 + 27 18 1.30 + 0.05b 0.58 + 0.02b
Q robur D 85 + 5b 45.3 +1.1a 23.8 + 0.5a 148 + 22 15 1.01 + 0.06a 0.47 + 0.02a
AL ND 6+ 1a 46.9 + 2.5 15.8 + 0.3b 112+ 6 15 1.75 + 0.15b 0.45 £+ 0.03
D 82 + 3b 447 + 2.4 14.6 + 0.4a 125+ 3 12 1.20 + 0.09a 0.46 + 0.01
GA ND 15 + 2a 29.1 £ 0.6 16.6 + 0.3 61 +2 10 1.83 + 0.08b 0.52 + 0.03
Q. humilis D 60 + 3b 288 +1.8 16.3 + 0.7 59 +3 10 1.54 + 0.06a 0.49 + 0.04
AR ND 5+ 1a 27.1 + 0.7b 11.4 + 0.2b 69 +9 17 1.29 + 0.08b 0.61 4+ 0.03b
D 80 + 2b 21.7 + 0.7a 9.2 + 0.5a 74 + 10 15 0.90 + 0.04a 0.42 + 0.03a
ER ND 6+ la 322+29 141+ 0.1 88+9 10 1.95 £+ 0.14b 0.41 £ 0.01
F. sylvatica D 64 + 6b 34.6 +£ 3.3 14.0 +£ 0.1 93+8 10 1.38 + 0.04a 0.39 £ 0.01
Lo ND 7 £ 2a 47.3 + 4.4 15.3 + 0.5b 148 + 55 20 1.32 + 0.11b 0.49 + 0.03
D 83 + 3b 40.3 + 3.8 13.8 + 0.6a 142 + 55 23 1.08 + 0.06a 0.45 + 0.03

here considered a proxy of tree vigour (Dobbertin, 2005). Sampled
neighbouring trees were always located approx. 10—15 m from each
other. For each tree, we measured its diameter at breast height (Dbh, at
1.3 m) and total stem height using tapes and a Nikon Forestry 550
rangefinder (Nikon Inc., Tokyo), respectively. We obtained two defoli-
ation percentages per tree taken by different observers (visual assess-
ments) and calculated its average. Declining and non-declining trees
were considered those having crown defoliation > 60 % and < 60 %,
respectively. This threshold is similar to the canopy dieback (58 %)
which allows differentiating dead and surviving F. sylvatica trees
(Chakraborty et al., 2017).

2.3. Climate data, drought and climate indices

To obtain long-term climate data (monthly mean maximum and
minimum air temperature, total precipitation and cloud cover) we used
the E-OBS v. 17.0 0.1°-gridded dataset considering the 1950 — 2016
period (Moreno and Hasenauer, 2015; Cornes et al., 2018). For cloud
cover data, we used the CRU TS v. 4.02 0.5°-gridded dataset (Harris
etal., 2014). We downloaded these data for the grids including each site
using the Climate Explorer webpage (https://climexp.knmi.nl).

The monthly number of foggy days was obtained from local obser-
vations taken in nearby stations of the Spanish Meteorological Agency
(AEMET) network for the 1960 — 2016 period. A foggy day is registered
by AEMET weather observers when the suspension in the air of very
small drops of water reduces horizontal visibility to less than 1 km. A fog
bank can occupy large flat areas, or appear in the form of scattered banks
of small extension (up to a few square kilometers). Fogs can dissipate in
few hours, usually after sunrise, or remain for periods of up to a day or
more. Specifically, we processed and obtained these data for the
following stations: Foronda-Txokiza (42.90 °N, 2.18 °W, 523 m a.s.l,
located at 14 km from Beluntza site), Alsasua (42.88 °N, 2.73 °W, 513 m
a.s.l., located at 6 and 30 km from Alsasua and Eraso sites, respectively),
and Estella (42.66 °N, 2.04 °W, 437 m a.s.l., located at 7, 8 and 10 km
from Galdeano, Aramendia and Lokiz sites). In the study sites, the
monthly number of foggy days ranges from 3 to 6 from September to
January with maximum and minimum values in the Foronda-Txokiza

and Estella stations, respectively.

To assess drought severity, we obtained weekly values of the Stan-
dardized Precipitation Evapotranspiration Index (SPEI) for the same
0.1° grids as above and for 1962—-2016. We obtained SPEI data at 1-, 3-,
6-, and 9-month resolutions (Vicente-Serrano et al., 2017). The SPEI is a
drought index which accounts for temporal differences in drought
severity with negative and positive values corresponding to dry and
moist conditions, respectively (Vicente-Serrano et al., 2010). For the
growth models, we selected 3-month July SPEI following Pasho et al.
(2011).

Since previous findings showed that the regional rainfall regime and
forest growth in northern Spain depend on several atmospheric patterns
and teleconnections (Rozas et al., 2015), we also explored their links
with tree growth. This analysis could reveal if forest dieback is related to
changing regional atmospheric and climatic patterns (cf. Camarero,
2011). We considered the NAO which determines winter precipitation
and air temperature over northern Spain (Camarero, 2011). Positive and
negative NAO phases correspond to dry-warm and cool-wet winter--
spring conditions, respectively. We also included the Southern Oscilla-
tion Index (SOI) which accounts for the influences of El Nino-Southern
Oscillation (ENSO) on Iberian rainfall patterns (Rodo et al., 1997). In
Iberia, positive correlations between SOI and spring rainfall were found
by Rodo et al. (1997). Finally, we considered the Western Mediterranean
Oscillation index (WeMO) which captures rainfall patterns, mainly from
autumn to winter, over northern and eastern Iberian Peninsula (Mar-
tin-Vide and Lopez-Bustins, 2006). The WeMO is measured as the dif-
ference in pressure between northern Italy (Padua) and south west Spain
(Cadiz) and reflects the synoptic variability of the western Mediterra-
nean Basin. Positive WeMO phases correspond to high pressures over
Iberia and low precipitation amounts, and negative WeMO phases
correspond to rainy conditions over Spain, especially during autumn.
Climate indices were downloaded from the CRU (NAO and SOI, https
://crudat a.uea.ac.uk/cru/data) and from the Climatology Group of
University of Barcelona websites (WeMO, http://www.ub.edu/gc/
wemo/).
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2.4. Tree-ring data

In each site, we cored 12-15 declining or very defoliated trees and
12-15 non-declining or less defoliated trees at 1.3 m using Pressler
increment borers. We took two cores per tree in opposite directions and
always perpendicular to the slope. Cores were air dried, sanded, and
visually cross-dated. Then, we used a binocular scope and a LINTAB
measuring device (Rinntech, Germany) to measure the tree-ring widths
to the nearest 0.01 mm. The accuracy of visual cross-dating was checked
using the COFECHA software which calculates moving correlations be-
tween each individual series and the mean site series (Holmes, 1983).

The ring-width series were standardized and detrended by fitting 40-
year cubic smoothing splines with a 50 % cut-off frequency to remove
age- and size-related long- to mid-frequency growth variability. Then,
the resulting individual series of ring-width indices were pre-whitened
with autoregressive (AR) models, and averaged for each vigour class
and site by using bi-weight robust means. The order of the AR models
was selected by minimizing the Akaike Information Criterion (Akaike,
1974). The detrending procedures were done using the software
ARSTAN ver.44 (Cook and Krusic, 2005).

We checked the normality of the series of ring-width indices using
the Shapiro-Wilk test. We used Pearson and Spearman correlations to
quantify the statistical relationship (at the p < 0.05 level) between mean
series of pre-whitened ring-width indices and climate variables
following (mean maximum and minimum air temperatures, precipita-
tion, NAO, SOI and WeMO) or not following (number of foggy days)
normal distributions, respectively. Correlations were calculated from
the previous to the current September. To assess how climate-growth
correlations changed through time, we also calculated moving correla-
tions calculated between climate variables, selected in previous corre-
lation analyes, and mean series of ring-width indices of declining and
non-declining trees considering 20-year long intervals.

2.5. Modeling tree growth in declining and non-declining trees

All statistical analyses were performed using the R software v. 3.6.2
(R Development Core Team, 2019). We modelled radial growth (raw
ring-width data) of declining and non-declining trees using generalized
additive mixed models (GAMMs, Wood, 2006). A similar approach was
followed by Camarero et al. (2015). We considered as predictor vari-
ables: tree size (Dbh), vigour class and interactions with calendar year.
Separate analyses were performed for each site since we assumed
different growth trends for declining and non-declining trees in each
site. Tree identity was included as a random factor to account for the fact
that growth data are repeated measures over an individual. Growth
trends were modelled using a thin plate regression spline with a
maximum number of six degrees of freedom. Calendar year was
considered an explanatory variable. To account for growth divergences
between declining and non-declining trees we also considered in-
teractions between calendar year and vigour class. To consider onto-
genetic changes in tree size, Dbh was included as a fixed factor.
Tree-ring width was log-transformed (log(x+1)) prior to the analyses
to achieve normality. We included a first-order autocorrelation structure
(AR1) to account for dependency of growth in year t on the growth of the
previous year t—1.

Log (TRWU + 1) = fi(DHB;) + fz(year,-, vigouri) + AR1+ Z; (€))
where TRWj; is the tree-ring width of the tree i in the year j, DBH;,
vigour; are the diameter at breast height and vigour of the tree i, year is

the calendar year, AR1 is the growth autocorrelation, and Z; is the
matrix of random effects.

2.6. Early-warning growth signals and other statistical analyses

We applied different statistics to detect early-warning signals of
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critical transitions in tree growth (Dakos et al., 2012). Particularly, we
studied whether the tree-ring width of each species for the period
1950-2016 showed changes in standard deviation (SD). To this end, we
estimated the values in SD within 20-year rolling windows along the
period 1950-2016. Separate analyses were performed for declining and
non-declining individuals of each species. Prior to the analyses, indi-
vidual measures of tree-ring width were averaged using a bi-weight
robust mean. The R Early Warning Signals toolbox was used to calcu-
late the SD series (Dakos et al., 2012).

Comparisons between declining and non-declining trees were carried
out using t test. Trends in climate variable (for 1950-2016) and ring-
width data were assessed using the Kendall 7 statistic. Statistical sig-
nificance for the t test and trends was measured at the p < 0.05 level.

2.7. Calculating intrinsic water-use efficiency

We selected one site per species (Beluntza for Q. robur, Aramendia for
Q. humilis, and Lokiz for F. sylvatica) to calculate iWUE in declining and
non-declining trees. These sites were selected because declining and
non-declining trees were dominant and showed similar ages, but pre-
sented clearly diverging growth trends during the last decades. First, we
pooled 5-ring samples of five declining trees and five non-declining trees
in each site. We considered eight 5-ring periods (1968-1972,
1973-1977, 1978-1982, 1983-1987, 1988-1992, 1993-1997,
1998-2002, and 2003-2007). Second, we also compared individual
samples of the two most recent 5-year periods (2008-2012, 2013-2017)
in five declining trees and five non-declining trees of each species.

We measured carbon isotope composition (5'°C) in tree-ring wood to
estimate iWUE, which can be defined as the ratio between the net
photosynthetic rate (A) and the stomatal conductance (g;) (Farquhar
et al., 1982, 1989). Pooled and individual wood samples were homog-
enized to a fine powder using a ball mixer mill (Retsch MM301, Haan,
Germany). Wood aliquots (0.001 g) were weighted on a microbalance
(AX205 Mettler Toledo, OH, USA), stored in tin foil capsules, and
combusted to CO5 using a Flash EA-1112 elemental analyser interfaced
with a Finnigan MAT Delta C isotope ratio mass spectrometer (Thermo
Fisher Scientific Inc., MA, USA). Isotope analyses were performed at the
Stable Isotope Facility, University of California at Davis (USA). Stable
isotope ratios were expressed as deviations (%o) using the § notation
relative to the VPDB standard. The standard deviation for repeated §'>C
analyses was 0.06%o.

3. Results
3.1. Climate trends and extreme climate events

Temperatures have increased in all sites for 1950-2016, whereas
precipitation and cloud cover have decreased in summer and September
(Table S1). The number of foggy days has decreased in September in
Alsasua and Eraso, in August in Beluntza and in June in the other sites. In
addition, we also detected a winter cold spell which affected the
Beluntza Q. robur site due to a drop in minimum air temperatures in
January 1971 (Fig. S2). According to SPEI data, the main droughts in the
study sites occurred in 1982, 1986, 1995, 2005 and 2012 (Fig. S3). They
were mainly short-term droughts (1- to 3-months SPEI values from
January to September).

3.2. Tree size, defoliation and growth

In all sites, declining trees showed lower radial-growth rates than
non-declining trees (Figs. S4, S5 and S6). In the Beluntza Q. robur site
and in the Aramendia Q. humilis site, declining trees showed a smaller
Dbh than non-declining trees (Table 2). In four out of six sites, declining
trees showed lower height than non-declining trees, except in the Gal-
deano Q. humilis and the Eraso F. sylvatica sites. Regarding the correla-
tion of the individual ring-width series with the mean series of each site
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and vigour class, declining trees showed lower correlation values than
non-declining trees in the Beluntza Q. robur site and in the Aramendia
Q. humilis site.

3.3. Modeled growth trends as a function of tree vigour

Growth trends of declining and non-declining trees significantly
diverged in three sites for the last 10-30 years (the Beluntza and Alsasua
Q. robur sites, and the Eraso F. sylvatica site, Fig. 1). The largest per-
centage of variation was explained in Galdeano (Table 3), where

a) Beluntza

c) Galdeano

r effect

yea

e) Eraso
0.2

1950 1970 1990 2010
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differences between declining and non-declining trees were more
noticeable in the 1980s than nowadays (Fig. 1). Differences in growth
trends between declining and non-declining trees were very noticeable
in the last two to three decades in Beluntza, Alsasua, Eraso and Lokiz.
However, the lowest percentage of explained variance (21 %) was found
in F. sylvatica sites (i.e. Eraso and Alsasua), suggesting that growth
trends vary considerably between individuals within the declining and
non-declining groups in this species.

b) Alsasua

d) Aramendia

f) Lokiz

1950 1970 1990 2010
year

Fig. 1. Long-term growth trends (year effect) of declining (dark-grey bands) and non-declining (light grey bars) trees in each site according to GAMMSs. The plots
show the effects of year on tree-ring width (see Table 3). Two sites per species were considered: Q. robur (a, b), Q. humilis (c, d) and F. sylvatica (e, f). The line

represents the effect and the shaded area the standard errors.
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Table 3
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Generalized additive mixed-models (GAMMs) of growth (tree-ring width) for each site and tree species. For the linear terms, the t statistic is shown, whereas for
parameters modelled with spline functions the F values are shown (edf are given between parentheses). The R? associated with each model is presented. Variables’
abbreviations: ND and D, non-declining and declining trees, respectively (vigour classes), Dbh, diameter at breast height. Significance levels: p < 0.05%, p < 0.01**.

Site (tree species)

Variables

Beluntza (Q. robur) Alsasua (Q. robur)

Galdeano (Q. humilis)

Aramendia (Q. humilis)

Eraso (F. sylvatica)

Lokiz (F. sylvatica)

Linear terms
Vigour (ND)
Spline
Year*vigour (D)
Year*vigour (ND)

5.33** 4.79%* 1.49

176.44 (1.00)** 102.69

16.64 (3.76)**

32.29 (1.95)**
8.07 (1.00)**

27.49 (3.95)**

3.87** 0.87

(1.00)** 81.66 (1.00)**

31.13 (2.37)**

11.35 (2.35)**
7.29 (1.00)**

1.77

43.89 (4.62)**
18.97 (4.60)**

Dbh 4.28 (1.00)* 2.41 (1.00) 29.32 (3.24)** 7.01 (1.00)** 8.17 (1.00)** 0.35 (1.00)
R? 0.52 0.34 0.66 0.56 0.22 0.21
0.20
| (a) Beluntza, Q. robur ®  Declining trees (t = -0.61)
v Non-declining trees (t = 0.59)
0.15
0.10
0.05 +
0.00 T T T T T
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
0.20
(b) Aramendia, Q. humilis ®  Declining trees (t = -0.58)
1 v Non-declining trees (t = -0.42)
c 4
S 0.15
© |
>
3
0.10
°
@©
‘O -
c
8
¢ 0.05
0.00 T T T T T
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
0.20
(c) Lokiz, F. sylvatica ®  Declining trees (t = -0.49)
1 v Non-declining trees (t = -0.30)
0.15

0.10 +

0.00 1

1950 1955 1960 1965

LI L S B B s B S B O LANNLANL e

1970 1975 1980 1985 1990 1995 2000

Time (20-year windows)

Fig. 2. The standard deviation of the mean growth series of declining and non-declining trees can be used as an early-warning signal of impending dieback. The

trends of the standard deviation were assessed using the Kendall t statistic.
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3.4. Early-warning signals in growth series

The standard deviation of growth series showed a more pronounced
long-term decrease in declining than in non-declining trees in one site of
each species: Beluntza for Q. robur, Aramendia for Q. humilis, and Lokiz
for F. sylvatica (Fig. 2). The trends of the standard deviation were
negative in all these cases, excepting in non-declining Q. robur trees from
the Beluntza site, and started diverging between the two vigour classes
from the 1970s onwards. In the other three sites no clear differences in
standard deviation between declining and non-declining trees were
observed (Fig. S7).

3.5. Relationships between climate and growth

In the case of the Beluntza Q. robur site, growth of declining trees was
negatively correlated with January mean minimum air temperature,
precipitation and cloud cover (Table 4). This negative influence of
January cold, wet and cloudy conditions on growth is interesting since
January mean minimum air temperatures are significantly increasing
since 1950 (Fig. S8). In contrast, high minimum air temperatures in July
improved the growth of both declining and non-declining trees. In the
Alsasua Q. robur site, growth of declining trees was constrained by warm
and dry June conditions. In both Q. robur sites, warm September con-
ditions improved growth. In the Galdeano Q. humilis site, wet and cloudy
prior winter conditions and warm summers enhanced growth. In the
Aramendia Q. humilis site, warm and wet springs and summer also
reinforced growth. In the Eraso F. sylvatica site, warm, bright and dry
summers (June, July) reduced growth, particularly in declining trees.
Warm conditions in the prior autumn also were related to low growth
rates. In the Lokiz site, warm and dry June conditions with low cloud-
iness were also responsible of growth decline in F. sylvatica trees. In July,
high air temperatures also reduced growth, whereas cloudy conditions
in July and August were related to growth improvement in declining
trees. Growth increased with prior December foggy conditions in
Beluntza (Q. robur) and Eraso (F. sylvatica), but decreased in response to
prior November foggy conditions in Aramendia (Q. humilis) and Lokiz
(F. sylvatica) (Table S2). May foggy conditions were also associated with
decreased growth in Beluntza, whereas a foggy September improved
growth in Eraso.

Moving correlations between selected climate variables and growth
series showed that growth of declining trees is becoming increasingly
limited by: higher minimum air temperatures in January in the Beluntza
Q. robur site, low cloud cover amount in June in the Alsasua Quercus
robur site, and less precipitation in July in the Aramendia Q. humilis site
(Fig. 3). In the other moving correlations no significant differences be-
tween declining and non-declining trees were noted. Specifically, dry
previous-November conditions decreased growth of Q. humilis in the
Galdeano site, whereas the influence of summer precipitation on
E. sylvatica growth is losing weight since the 2010s.

3.6. Relationships between drought and growth

The F. sylvatica declining trees showed the highest significant cor-
relations with 1-month SPEI values (SPEI1) in April, May and June in
both sites, and also for 3-month SPEI values (SPEI3) in July in the Lokiz
site (Fig. S9). A similar signal with SPEI3 was observed in July for the
declining Q. humilis trees from the Aramendia site, but also with SPEI1 in
January in the case of non-declining trees. In contrast, Q. humilis growth
and SPEI were not significantly correlated in Galdeano site. In the
Alsasua Q. robur site, the main growth responses were observed in June
and July for SPEI3 regardless the tree vigour, and in Beluntza they were
found for SPEI1 in April.

3.7. Links between atmospheric patterns, climate and growth

Positive SOI values in the prior autumn and winter and in March
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were negatively correlated with Q. robur growth (Table 5). A similar
signal was observed considering prior autumn and F. sylvatica in the
Lokiz site. Positive NAO values in January were related to growth re-
ductions of declining Q. humilis trees in Aramendia, but positive NAO
values in March enhanced growth of non-declining F. sylvatica trees in
Eraso. Positive WeMO values in the prior autumn and winter were
associated with improved growth of declining trees in some sites (Bertiz,
Aramendia, Eraso). In Eraso, spring and summer WeMO values were
negatively correlated with growth. In Galdeano, growth of declining
trees decreased in response to positive WeMO values in June, and this
relationship has intensified after the dry mid 1990s (Fig. S10).

3.8. Water-use efficiency in declining and non-declining trees

The mean (+ SE) values of wood 8'3C for 1968-2007 (5-ring pools)
were -25.86 + 0.09%o, -26.82 + 0.10%., and -26.56 + 0.10%c for
Q. robur, Q. humilis and F. sylvatica, respectively. Considering the mean
iWUE values of declining and non-declining trees, we found significant
differences in Q. robur (t = 2.59, p = 0.018) and F. sylvatica (t=2.21,p =
0.047) because declining trees showed higher iWUE (Fig. 4).

The means of §!C and derived iWUE individual values for the two
most recent periods (2008-2012, 2013-2017) did not differ significantly
between declining and non-declining trees in most cases (Q. robur,
2008-2012, t = 1.72, p = 0.105, 2013-2017, t = 1.60, p = 0.129,
Q. humilis, 2008-2012, t = 0.66, p = 0.516, 2013-2017, t = 0.03, p =
0.976, F. sylvatica, 2008-2012, t = 0.53, p = 0.610). However, in the
case of F. sylvatica and for 2013-2017, non-declining trees presented, on
average, a 3.6 % higher iWUE than declining trees (t = 2.88, p = 0.032).
Lastly, we found a significant correlation (r = 0.79, p = 0.02) of the
differences in growth and iWUE between declining and non-declining in
the Q. humilis Aramendia site (Fig. 5).

4. Discussion

We documented dieback episodes in response to climate extremes
such as drought and cold spells (in the Beluntza Q. robur site) in several
angiosperms from temperate forests located in northern Spain. European
temperate forests dominated by oak and beech species have shown
productivity losses, canopy dieback and mortality after past drought as
has been widely documented in central Europe (Bréda et al., 2006).
Regarding our hypotheses we found: (i) lower growth rates in more
defoliated, declining trees but growth variability (standard deviation)
was not always lower, (ii) more responsiveness to drought in declining
trees in some (e.g., Aramendia Q. humilis site, Lokiz F. sylvatica site) but
not all sites, and (iii) higher iWUE in Q. robur and F. sylvatica declining
trees with a recent trend reversal in F. sylvatica since non-declining trees
showed higher iWUE in the last 5-year period. Finally, no relationship
was found when comparing differences in growth and iWUE between
non-declining and declining trees, except in the case of Q. humilis.

We found the scenario characterized by lower growth and higher
iWUE in declining Q. robur and F. sylvatica trees. This efficient water-use
strategy could be caused by increased evapotranspiration rates and
reduced g; in F. sylvatica to sustain hydraulic functions but decreasing
long-term carbon uptake (Gessler et al., 2007; Peiffer et al., 2014),
whereas the risk of carbon starvation should be lower in the more ani-
sohydric Q. robur. The recent reduction of iWUE in declining F. sylvatica
trees would suggest a poor regulation of gas and water exchange through
leaves leading to excessive water loss through leaves (Hentschel et al.,
2016), but not necessarily to hydraulic impairment (Delaporte et al.,
2016). Such inefficient response could characterize declining F. sylvatica
trees prone to die, and indicates they are less responsive in terms of
stomatal closure to dry-warm conditions (reduced soil water content,
rising air temperatures and increasing vapor pressure deficit) as hy-
pothesized by Michelot-Antalik et al. (2019). In declining Quercus frai-
netto trees, a lower iWUE related to increased water loss through
transpiration was also observed (Colangelo et al., 2017a). A better



Table 4

Pearson correlations calculated between the mean series of ring-width indices of non-declining (ND) and declining (D) trees and monthly climate variables (Tx, mean maximum air temperatures, Tn, mean minimum air
temperatures, Pr, precipitation, Cc, cloud cover). Correlations were calculated from the prior September (s) to the current September (S) considering the common 1950-2016 period. Only variables significant at the 0.05
level are presented (note that r > |0.29| is significant at the 0.01 level).
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Fig. 3. Moving correlations calculated between several
climate variables and mean series of ring-width indices of
declining (black symbols) and non-declining (grey symbols)
trees considering 20-year long intervals: (a) mean minimum air
temperature in January, Beluntza Quercus robur site, (b) cloud
cover in June, Alsasua Quercus robur site, (c) previous precip-
itation in November, Galdeano Quercus humilis site, (d) pre-
L cipitation in July, Aramendia Quercus humilis site, (e)
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cipitation in July, Lokiz Fagus sylvatica site. The horizontal
dashed and dotted lines indicate the 0.05 and 0.01 significance
levels, respectively.
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interpretation of our findings would benefit from using 120 wood data to
disentangle if increases in iWUE are due to either high photosynthetic
rate, as proposed by Gessler et al. (2018), vs. low stomatal conductance
rate (e.g., Granda et al., 2017).

In species dominant in mesic sites such as Q. robur, growth decline,
dieback and rising mortality rates have been attributed to multiple stress
factors differently affecting declining and non-declining trees as winter
frosts, spring droughts and pests (Losseau et al., 2020). In this species,
warm-dry conditions during the previous autumn and current spring and
summer have been associated with reduced radial growth (Rozas, 2002;
Lebourgeois et al., 2004; Matisons et al., 2012). Some studies have
revealed that dieback is a long-term process related to past droughts
with declining Q. robur trees showing growth depression about 20 years
before tree death (Drobyshev et al., 2007, 2008, Andersson et al., 2011).
Here we showed that the divergence in growth between declining and
non-declining Q. robur trees went back at least 15-30 years before the
dieback onset. However, differences in growth between both vigour
types were observed even since the 1950s indicating that declining trees
were predisposed to show dieback due to their consistently lower
growth rates. In addition, climate extremes as the 1971 cold spell

2000

—
2005 2010

amplified the growth divergence and could have also predisposed to
dieback.

Warmer winter to early-spring conditions could partially explain the
growth decline in the wet Beluntza Q. robur site, but the role played by
winter cold spells is unknown or could be indirectly linked to soil
waterlogging. In ring-porous, deciduous oaks from temperate and con-
tinental sites, earlywood vessel lumen area decreased in response to
warm or dry late-winter to early-spring conditions (Garcia-Gonzalez and
Eckstein, 2003; Tardif and Conciatori, 2006; Fonti et al., 2009; Alla and
Camarero, 2012). This can be explained because in these species
earlywood formation is very dependent on stored reserves (Vincent--
Barbaroux et al., 2019), and warmer winters could increase respiration
and carbohydrate consumption reducing spring growth. In contrast,
Q. robur growth was reduced by low winter soil temperatures near the
northernmost limit of distribution of the species (Helama et al., 2016). In
these northern stands, growth reduction was attributed to winter cold
spells which negatively affected insufficiently hardened trees regardless
their vigour status (Matisons et al., 2013).

The low growth sensitivity of Q. robur to drought in the study sites is
expected since they were characterized by wet soils with poor drainage.
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Pearson correlations calculated between the mean series of ring-width indices of non-declining (ND) and declining (D) trees and monthly values of three climate indices (NAO, North Atlantic Oscillation, SOI, Southern
Months

Oscillation Index, WeMO, Western Mediterranean Oscillation). Correlations were calculated from the prior September (s) to the current September (S) considering the common 1950-2016 period. Only variables sig-

nificant at the 0.05 level are presented (r > |0.29] is significant at the 0.01 level).

Table 5
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Site Climate index

Species

ND ND ND ND ND D ND D
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ND ND ND ND ND

ND

NAO
SOl

—0.26

-0.31
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Fig. 4. Intrinsic water-use efficiency (iWUE) inferred from §'3C in 5-ring wood
samples of declining (filled symbols) and non-declining (empty symbols) trees.
The eight 5-year periods considered were: 1968-1972, 1973-1977, 1978-1982,
1983-1987, 1988-1992, 1993-1997, 1998-2002, and 2003-2007.

In fact, increasingly wetter conditions after the 1980s linked to shifts in
the ENSO caused dieback of Q. robur stands in NW Spain due to soil
water logging (Rozas and Garcia-Gonzalez, 2012). We also detected
associations between Q. robur growth and the winter-spring ENSO
confirming the importance of these seasons for this species and pointing
to indirect relationships with summer cloudiness and foggy days (Rozas
et al.,, 2015). In Beluntza a prior foggy December increased growth
which can correspond to stable pressures and a better drainage of its
soils. However, a foggy late spring can reduce air temperatures and
growth rates, whilst a foggy early autumn could alleviate water shortage
as observed in the Eraso F. sylvatica site.

In the case of Q. humilis, the higher responsiveness to summer water
shortage of declining trees in the Aramendia site indicates a dominant
role played by drought stress as dieback cause. The growth decline was
triggered by successive droughts and has occurred as summer conditions
became increasingly warmer and less cloudy. Tree size was also relevant
explaining dieback in this and other sites, and this agrees with previous
observation showing that declining trees tend to be smaller, in terms of
diameter and height, than coexisting, non-declining trees (Colangelo
et al., 2017b). In southern Europe, dieback of oak species functionally
similar to Q. humilis has been often attributed to drought stress, often in
sites with shallow soils showing low water holding capacity (Amorini
et al.,, 1996; Di Filippo et al., 2010; Camarero et al., 2015, 2016,
Colangelo et al., 2017a). The growth- iWUE coupling between declining
and non-declining trees was only observed in the Aramendia Q. humilis
site, providing partial support to Gessler et al. (2018) hypothesis that
declining trees will feature low growth rates and be less water-use
efficient. Finally, in the Galdeano Q. humilis site, we also detected a
signal of the WeMO in the growth of declining trees indicating a higher
vulnerability to drought stress which was contingent on site conditions.
Unexpectedly, we found no associations between the NAO and tree
growth despite positive NAO phases correspond to warm-dry winter and
spring conditions and reduced tree growth in northern Spain (Camarero,
2011) and Italy (Piovesan and Schirone, 2000). This unexpected
NAO-dissociation may be caused by a low coupling of local climate
conditions to regional climate patterns due to topographical effects (e.g.,
slope, aspect).
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Fig. 5. Differences in growth and intrinsic water-use efficiency (iWUE) between declining and non-declining trees calculated for 5-year periods. The line indicates

the significant relationship in the case of Q. humilis.

Lower post-drought growth rates and poor crown conditions (leaf
shedding, death of shoots and buds) characterize forest dieback and may
indicate impending tree death (Cailleret et al., 2017). For instance, in
F. sylvatica, when the proportion of canopy dieback surpassed the 58 %
threshold tree death was unavoidable (Chakraborty et al., 2017). We
found that F. sylvatica growth was reduced by warm-dry summer con-
ditions with clear skies which explains why late-summer foggy days
could alleviate drought stress in the Eraso site. The effect of drought on
growth occurred regardless the divergence between declining and
non-declining trees, which was short (5-10 years) and significant in one
site (Eraso). The sensitivity to drought in this species agrees with its
moderately anisohydric behaviour and may explain the reversal in iWUE
trends of declining trees in Lokiz, which showed a loss of water-use ef-
ficiency close to the dieback onset suggesting a loss of control of sto-
matal closure (Aranda et al., 2000; Michelot-Antalik et al., 2019). The
increasing relevance of summer drought and reduced soil water avail-
ability as constraints of F. sylvatica growth has been shown in the core of
its distribution range across central Europe (Dittmar et al., 2003; Leb-
ourgeois et al., 2005; Michelot et al., 2012; Zang et al., 2014; Dulam-
suren et al., 2017; Harvey et al., 2020; Hacket-Pain et al., 2017), but also
in its rear edge across southern Europe (Jump et al., 2006; Di Filippo
et al., 2007; Piovesan et al., 2008; Serra-Maluquer et al., 2019).

Here we show that more attention should be paid to other regional
climate factors such as cloud cover or fog which could reverse or alter
the species sensitivity to summer drought (Rozas et al., 2015), and at-
mospheric patterns as the WeMO which influence summer precipitation.
Climate warming could also induce and earlier leaf unfolding in
F. sylvatica (Cufar et al., 2008), and make some early-bursting trees
prone to late frost damage (Gazol et al., 2019). In addition, local factors
should be considered such as soil water availability which can affect
nutrient uptake (Gessler et al., 2007, 2016, Delaporte et al., 2017) and
fine root mortality (Meier and Leuschner, 2008). Tree size and neigh-
bourhood interactions, often related to management legacies, are also
relevant drivers of growth sensitivity to drought in F. sylvatica (Gazol
et al., 2018a; Laskurain et al., 2018; Mausolf et al., 2018).

The smaller size observed in declining beech and oak trees could
reflect: (i) the formation of less intensive root systems making them less
able to access soil water pools during the dry summer (Ripullone et al.,
2020), or (ii) a lower growth recovery capacity. Further research should
consider the effects of successive droughts on growth and functioning of
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adult trees which could adapt by readjusting carbon allocation. In ex-
periments based on saplings, repeated droughts induced high xylem
embolism levels (Tomasella et al., 2019) and carbon starvation (Chuste
et al., 2020). Deciduous oak and beech species from temperate forests
show more rapid post-drought recovery and higher resistance than
evergreen pines from dry sites (Anderegg et al., 2015; Gazol et al.,
2018b). But we do not know if this resistance also entails carry-over
effects after successive droughts impairing the hydraulic functioning
and carbon pools of declining trees. A limited resistance of declining
trees and a higher impact of drought on growth could explain dieback
and selective mortality in temperate forests (DeSoto et al., 2020). To test
if the selective thinning of stands showing abundant declining and dying
trees improves their long-term vitality visual assessments of defoliation
could be complemented with long-term growth records based on
tree-ring analyses.

5. Conclusions

In three species dominant in temperate forests, declining trees
showed smaller size in most sites and lower growth rates in all sites.
Declining trees tended to show lower growth variability, but not in all
sites. The growth divergence between declining and non-declining trees
was significant and long in Q. robur (15-30 years) and short in the Eraso
F. sylvatica site (5-10 years). Dieback was triggered by drought, but in
wet sites (Beluntza Q. robur site) cold spells and waterlogged soils
contributed to the growth decline. The species most responsive to
summer drought was F. sylvatica. In Q. humilis, growth and iWUE dif-
ferences between declining and non-declining trees were coupled. In
F. sylvatica, declining trees showed a recent reversal in iWUE and
became less water-use efficient close to the dieback onset.
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