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Abstract

Hydraulic impairment due to xylem embolism and carbon starvation are the two proposed mechanisms explaining

drought-induced forest dieback and tree death. Here, we evaluate the relative role played by these two mechanisms

in the long-term by quantifying wood-anatomical traits (tracheid size and area of parenchyma rays) and estimating

the intrinsic water-use efficiency (iWUE) from carbon isotopic discrimination. We selected silver fir and Scots pine

stands in NE Spain with ongoing dieback processes and compared trees showing contrasting vigour (declining vs

nondeclining trees). In both species earlywood tracheids in declining trees showed smaller lumen area with thicker

cell wall, inducing a lower theoretical hydraulic conductivity. Parenchyma ray area was similar between the two vig-

our classes. Wet spring and summer conditions promoted the formation of larger lumen areas, particularly in the case

of nondeclining trees. Declining silver firs presented a lower iWUE than conspecific nondeclining trees, but the

reverse pattern was observed in Scots pine. The described patterns in wood anatomical traits and iWUE are coherent

with a long-lasting deterioration of the hydraulic system in declining trees prior to their dieback. Retrospective quan-

tifications of lumen area permit to forecast dieback in declining trees 2–5 decades before growth decline started.

Wood anatomical traits provide a robust tool to reconstruct the long-term capacity of trees to withstand drought-

induced dieback.
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Introduction

Forests store almost half of the terrestrial carbon

(Bonan, 2008), and most of this sink corresponds to last-

ing woody pools that contribute to mitigate the ongoing

rise of atmospheric CO2 (Pan et al., 2011). However,

there is growing concern about the fate of some forests

in drought-prone areas because increasing frequency

and intensity of climate extremes, such as heat waves

and prolonged droughts, can make some stands partic-

ularly vulnerable to water deficit (Br�eda et al., 2006;

Allen et al., 2010; Allen et al. 2015). Global forest die-off

in response to drought illustrates how rapidly some

forest ecosystem services may be partially lost, such as

the ability to sequester carbon due to fast vigour loss,

growth decline, and increasing mortality rates (Ander-

egg 2015).

The physiology of drought-induced dieback and tree

mortality likely involves failures of the coupled

hydraulic system and carbon dynamics (McDowell,

2011; Sala et al., 2012). Drought stress acts on several

tree processes that are usually interrelated. For

instance, stomatal closure prevents xylem embolism

but reduces carbon uptake, which impairs phloem

functioning and decreases the availability of sugar

osmolytes (Sevanto et al., 2014). Drought stress con-

strains and also uncouples growth and photosynthesis

(Hsiao, 1973), and such decoupling could increase the

concentrations of nonstructural carbohydrates in tis-

sues of drought-stressed trees (K€orner, 2003; but see

Galiano et al., 2011). Traits such as wood density and

anatomy, often linked to hydraulic conductivity, also

determine how vulnerable species and trees are to die-

off by affecting xylem embolism, growth and carbon

use (Hoffmann et al., 2011; Anderegg, 2015).

Wood formation reflects changes in forest productiv-

ity and carbon sequestration (Babst et al., 2014), but it

also captures changes in tree vigour since water short-

age usually induces the formation of narrow tree rings

(Dobbertin, 2005). Wood anatomical features such as

lumen area (a proxy for the theoretical hydraulic con-

ductivity provided by each tracheid (von Wilpert, 1991;
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Cuny et al., 2014)) or cell-wall thickness (closely related

to xylem carbon costs) are useful proxies to quantify

the long-term tree responses to drought stress (Fonti

et al., 2010). Nonetheless, quantitative wood anatomy

has been little exploited to infer the relative importance

played by the physiological mechanisms proposed to

explain drought-triggered die-off (but see Levani�c et al.,

2011; Heres� et al., 2014) and often with contrasting find-

ings. For instance, some authors reported a drought-

reduced lumen area leading to a decline in stem

hydraulic conductivity (Bryukhanova & Fonti, 2013;

Liang et al., 2013), whilst others found the opposite (Eil-

mann et al., 2009, 2011; Martin-Benito et al., 2013). This

evidences that growth responses to drought are com-

plex due to contingency on tree features such as age,

size and species-specific traits. We hypothesize that

quantitative wood anatomy, a loosely explored field,

may help to advance our knowledge in this topic.

Most mechanistic approaches investigating drought-

induced forest dieback focus mainly on the short-term

processes such as altered hydraulic functions or loss in

carbon uptake (McDowell et al., 2008). For instance, tree

hydraulic performance in conifers is usually restricted

to the last 10–20 rings which encompass the most active

sapwood (Sperry & Love, 2015), even if in some species

the number of sapwood rings can be up to 50 (Knapic

& Pereira, 2005). But trees are long-lived organisms

whose susceptibility to extreme droughts can change in

parallel with the corresponding long-term variability in

climate or stand features (e.g. rising temperature,

increase evapotranspiration, increasing competition,

etc.). Within this context, time series of wood-anatomi-

cal features combined with carbon isotopes can provide

a long-term record suitable to assess how trees are pre-

disposed to drought-induced die-off.

Long-term variability in xylem anatomical traits can

be related not only to ontogeny (Carrer et al., 2015), but

also to carbon fixation and water exchange by analyz-

ing the corresponding changes in intrinsic water-use

efficiency (iWUE) derived from carbon-isotope discrim-

ination of tree-ring wood (Saurer et al., 2004). The

iWUE is a proxy of the amount of water loss at the leaf

level due to stomatal conductance per unit of assimi-

lated carbon (Seibt et al., 2008). Increases in iWUE may

respond to greater photosynthetic efficiency due to

reduced rates of photorespiration at high leaf-internal

CO2 concentration, reduced water loss due to stomata

closure, or both (L�evesque et al., 2013). Rising CO2

reduces stomatal conductance and decreases water loss,

and in some cases leads to larger lumen areas or

increases latewood density (Yazaki et al., 2005). How-

ever, fertilization effects on growth due to rising CO2,

postulated to be stronger on forests located in dry

areas, have not been documented in drought-prone

areas (McDowell, 2011; Linares & Camarero, 2012).

Hence, the long-term characterization of iWUE can help

to disentangle the photosynthetic and hydraulic

responses in trees experiencing drought-induced die-

back.

Here, we aim to investigate the trees hydraulic per-

formances at the same time scale of their lifespan. Our

target is to gain knowledge on the different responses

of tree species to drought-triggered die-off by analysing

and comparing the long-term changes in some wood

anatomical traits and carbon-isotope discrimination of

declining and nondeclining Scots pine and silver fir

trees. As successive droughts may lead to accumulated

hydraulic conductance loss in declining trees (Ander-

egg et al., 2013), we hypothesize that these trees are

characterized by a lower hydraulic conductivity than

nondeclining ones. Specifically, we expect that declin-

ing trees will produce earlywood tracheids, which

account for most of the ring conductivity, with smaller

lumen area than nondeclining trees. We also expect that

nondeclining trees will show an improved iWUE due

to reduced water loss per unit carbon gain as compared

to declining trees. Investigating how trees react to

drought will help to forecast which forests will be the

most vulnerable in coupled carbon-climate-vegetation

models (Br�eda et al., 2006). This will be particularly

useful in the Mediterranean Basin and other areas sub-

jected to season water shortage where future climate

scenarios predict an increased frequency of extreme

droughts (IPCC, 2014).

Materials and methods

Study sites and tree species

In early 2012, we selected two sites in NE Spain (Arag�on)

dominated by silver fir (Abies alba) and Scots pine (Pinus syl-

vestris) and significantly affected by the 2012 drought with

abundant defoliated and dying trees (Camarero et al., 2015).

The selection of two species allowed comparison of their dif-

ferent wood-anatomical and growth responses to the severe

drought. The climate at both sites is continental Mediter-

ranean, however, the silver fir site is mesic (mean annual tem-

perature 9.9 °C, total precipitation 1066 mm and annual water

balance 531 mm), whereas the Scots pine site is xeric (mean

annual temperature 11.8 °C, total precipitation 375 mm and

annual water balance �210 mm). Regarding the regulation of

water status, the species’ stomatal strategy is relatively isohy-

dric, even if isohydry and anisohydry strategies are likely a

continuum (Klein, 2014).

Field sampling

The two stands presented many defoliated and dying trees of

the two dominant species after the 2012 drought, which was

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2125–2137
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the most severe (<mean -SD if expressed as drought indices)

in NE Spain since 1950 (Trigo et al., 2013; Camarero et al.,

2015). We measured size variables (dbh, diameter at breast

height measured at 1.3 m; height) and defoliation status in 38

trees per species to characterize the die-off pattern. To

describe tree vigour we estimated the percentage of crown

defoliation using binoculars (Dobbertin, 2005). Trees showing

<50% postdrought defoliation were considered to be nonde-

clining, whereas trees with ≥50% postdrought defoliation were

considered as declining. This represented a more robust crite-

rion to differentiate declining from nondeclining trees than

those based on radial-growth data (Camarero et al., 2015). We

randomly selected five trees per vigour class in each species.

We then estimated the current competition-intensity index

(Camarero et al., 2011) of each tree by measuring the neigh-

bourhood basal area of all woody species with height ≥1.3 m.

The neighbourhood was defined as a circular area located

within an 8-m wide circle centred on each focal tree (see

Sang€uesa-Barreda et al., 2015). We obtained monthly and sea-

sonal climatic variables for the 1950–2012 period [mean maxi-

mum and minimum temperatures, precipitation (P), estimated

potential evapotranspiration (PET) and water balance (P-

PET)] from meteorological stations located near the sampling

sites (cf. Camarero et al., 2015 for further details on site charac-

teristics, sampling design and climate data).

Processing of wood samples

Trees were cored at 1.3 m using a 10-mm Pressler increment

borer. First, we divided the cores in 3–5 cm long blocks, which

were boiled in water to soften them and remove resins. We

then used a rotary microtome (Leica RM 2255; Leica Microsys-

tems, Germany) to cut transverse and tangential wood sec-

tions (15–20 lm thick) for the respective measurements of the

tracheid (dimensions) and parenchyma (area) variables. Wood

sections were stained by mixing safranin (1%) and astra blue

(0.5%) solutions. They were then fixed and permanently

mounted onto glass microscope slides using a synthetic resin

(EukittTM; Merck, Darmstadt, Germany). Digital images were

captured at 1009 with a digital camera attached to a light

microscope. We created panoramas stitching together multiple

overlapping images using the PtGui software. Finally, images

were processed using the ROXAS software (von Arx & Carrer,

2014), specifically developed for the analysis of long series of

wood-anatomical features.

In the analyses of wood-anatomical traits we avoided tissue

anomalies such as compression wood or callus tissue. Further-

more, the selected cores contained the innermost rings located

close to the pith to ensure the measurement of the whole onto-

genetic sequence of wood formation. We considered 10 trees

per species for the transverse measures, while six trees (three

declining plus three nondeclining trees) were processed in the

tangential measures.

Wood anatomy data

All tracheids forming a ring were measured across transverse

sections, but the resulting variables were quantified at the

whole ring level or separately for the earlywood and late-

wood. Sections were ca. 10-lm thick. The identification of ear-

lywood, transition wood and latewood was based on the ring

division in five sectors according to the position of each cell

within the ring, and based on a Principal Component Analysis

calculated on the sectors’ time series (Figs S1 and S2). This

separation was preferred over the delineation based on the

Mork index (Denne, 1988) for its higher efficiency in defining

earlywood and latewood in conifers within the Mediterranean

region (e.g. Pacheco et al., 2015). Variables measured included

ring width, number of tracheids forming a ring, their mean

lumen area and cell-wall thickness (henceforth CWT), com-

puted as the average between the tangential and radial thick-

nesses. Using these variables, we calculated the annual

theoretical hydraulic conductivity (Kh) according to the

Hagen-Poiseuille law, which states that the capillary flow

rate is proportional to the square of the conduit area (Tyree &

Zimmermann, 2002). We also calculated the cell-wall thick-

ness-to-span ratio [(CWT/LD)2] where LD is the mean lumen

diameter calculated as the average between radial and

tangential internal cell diameter. This ratio is assumed to be a

surrogate of the xylem resistance against embolism, since it

considers both cell wall thickness (mechanical properties) and

lumen diameter (hydraulic properties), and it is usually linked

to wood density (Hacke et al., 2001). Finally, we estimated the

carbon cost investment of tracheid formation (Ccost) by multi-

plying the number of tracheids by CWT for each tree ring

(cf. Heres� et al., 2014). To assign the correct calendar year to all

these variables, the tree-ring series were visually cross-dated

among trees and compared with published site ring-width

chronologies (Camarero et al., 2015). In total, 475 673 and

976 510 tracheids were measured in Scots pine and silver fir,

respectively, considering the 1950–2012 period (1 214 725 and

1 409 018 tracheids considering the whole chronologies).

The parenchyma rays were measured across tangential sec-

tions in six trees per species to obtain a proxy for potential

storage of nonstructural carbohydrates in the wood (cf. Olano

et al., 2013; von Arx et al., 2015). We summed the area covered

by parenchyma cells across a 4-mm2 tangential surface, paying

attention to not consider the area of resin canals. Since par-

enchyma rays generally extend through several tree rings (3

on average), we cut tangential sections every five rings and

computed the mean parenchyma area every 10 years.

Water-use efficiency inferred from carbon isotope
discrimination

To compare the changes in iWUE of nondeclining and declin-

ing trees we measured 13C/12C isotope ratios in the stem

wood. We used the same trees selected for wood-anatomical

analyses and with a razor blade under a binocular microscope

we carefully separated decadal wood segments for the period

1900–2010. We preferred this time resolution to account for a

sufficient number of trees while keeping the low-frequency

variability as for the parenchyma rays measurements.

Wood samples were homogenized and milled using an

ultra-centrifugation mill (Retsch ZM1). An aliquot of 0.5 mg

of each wood sample was weighed on a balance (Mettler

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2125–2137
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Toledo AX205) and placed into a tin capsule for isotopic anal-

yses. Cellulose was not extracted, since both whole wood and

cellulose isotope time-series showed similar long-term trends

related to atmospheric CO2 concentration and climate (Saurer

et al., 2004). Furthermore, a carryover effect from year to year

can be regarded as negligible, given that we analysed decades.

The isotope ratio 13C/12C (d13C) was determined on an isotope

ratio mass spectrometer (ThermoFinnigan MAT 251) at the

Stable Isotope Facility (University of California, Davis, USA).

The results were expressed as relative differences in the
13C/12C ratio of tree material with respect to the Vienna Pee-

Dee Belemnite (V-PDB) standard. The accuracy and precision

of analyses were 0.07& and �0.1&, respectively.

Isotopic discrimination between the carbon of atmospheric

CO2 and wood carbon (D; see Farquhar & Richards, 1984) was

defined as:

D ¼ ðd13Cair � d13CplantÞ=ð1þ d13Cplant=1000Þ; ð1Þ
where d13Cair and d13Cplant are the isotope ratios of carbon

(13C/12C) in atmospheric CO2 and tree-ring wood, respec-

tively, expressed in parts per thousand (&) relative to the

standard V-PDB; D is linearly related to the ratio of intercellu-

lar (ci) to atmospheric (ca) CO2 mole fractions, by:

D ¼ aþ ðb� aÞci=ca; ð2Þ
where a is the fractionation during CO2 diffusion through the

stomata (4.4&), and b is the fractionation associated to

Rubisco and other enzymes (Farquhar & Richards, 1984). The

values of ca and d13Cair were obtained from McCarroll & Loa-

der (2004) and from Mauna Loa (Hawaii) records.

The ci/ca ratio reflects the balance between net assimilation

(A) and stomatal conductance for CO2 (gc) according to Fick’s

law: A = gc(ca�ci). Stomatal conductances for CO2 and water

vapour (gw) are related by a constant factor (gw = 1.6gc), and

hence these last two variables allow linking the leaf-gas

exchange of carbon and water. The linear relationship

between ci/ca and D may be used to calculate the iWUE

(lmol mol�1) as:

iWUE ¼ ðca=1:6Þ½ðb� DÞ=ðb� aÞ� ð3Þ

Statistical analyses

We used Generalized Additive Models (GAM; Wood, 2006) to

study within- and between year variability in lumen area of

declining and nondeclining trees. GAMs are a semiparametric

case of generalized linear models in which the response vari-

able depends on a collection of smooth functions of the

explanatory variable (Hastie & Tibshirani, 1990). Thus, they

represent a flexible method to characterize nonlinear trends in

time-series that vary at different temporal scales, such as

wood-anatomical data. Since tree rings reflect the variability

of lumen area anatomy between (long-term) and within

(short-term) years we proposed a GAM that includes two dif-

ferent smooth terms: one reflecting between-years variability

and another corresponding to the within-year variability in

lumen area summarized as a continuous variable that ranges

from 0 (early earlywood, beginning of the ring) to 100 (late

latewood, end of the ring) indicating how lumen area changes

along the relative position within each ring (cf. Cuny et al.,

2014). For each species (silver fir and Scots pine) and vigour

class (declining vs nondeclining trees), we obtained the mean

lumen areas along the first 60% of each ring, that is the three

earlywood sectors which account for most (around 90%) of

the Kh of the whole ring. These series were obtained for the

1950–2012 period and they were used as response variables in

the subsequent analyses.

The GAM proposed had the form:

Lumen areai ¼ sðwithin year trendiÞ
þ sðbetween years trendiÞ þ ei ð4Þ

In which the lumen area of a ring i of declining and nonde-

clining trees is modelled as smooth functions (s) of the within-

and between-years trends. The smooth terms were represented

using default settings of the function gamm in the mgcv

package (Wood, 2006) of the R environment (R Development

Core Team, 2014).

To study the influence of vigour class and climate on cell

size formation we used a multi-model inference approach

based on information theory (Burnham & Anderson, 2002).

This approach relies on the use of information theory to calcu-

late the probability that a given model is more appropriate

than other competing models to explain the response variable.

We proposed 10 models including vigour class and selected

climatic variables and their interactions with the two smooth

terms (see Table S1). Climatic variables were first of all anal-

ysed through Pearson’s correlation with the response vari-

ables (tracheid features) and we then selected the strongest

correlations. We ranked all the potential models that could be

generated with the different explanatory variables according

to the second-order Akaike Information Criterion (AICc). For

each model, we calculated its DAICc, i.e. the difference

between AICc of each model and the minimum AICc found

for the set of fitted models. The DAICc can be used to select

those models that best explain the response variable since val-

ues of DAICc lower than two indicate that the considered

model is as good a candidate as the best model. Carbon-iso-

tope data were analysed using linear mixed-effects models

considering tree vigour (declining vs nondeclining trees) and

time (decades) as fixed factors. The MuMIn package (Barton,

2012) of the R environment (R Development Core Team, 2014)

was used to perform the multimodel selection. Finally, to com-

pare declining vs nondeclining trees without considering the

time dimension, we adopted the Mann–Whitney test, a non-

parametric method used to contrast two groups without con-

sidering any distribution information on the population (Sokal

& Rohlf, 2012).

Results

Declining and nondeclining trees did not differ signifi-

cantly in terms of diameter, height, age or neighbour-

hood basal area (one-way ANOVAs, F = 2.80–0.51,
P = 0.12–0.49; Table 1).

However, declining trees of both species had narrower

rings formed by fewer tracheids than nondeclining trees.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2125–2137
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In addition, earlywood tracheids in nondeclining trees

had larger lumen areas and thinner cell walls. Conse-

quently, the theoretical earlywood Kh of declining trees

decreased while their (CWT/LD)2 increased (Fig. 1 and

Table 2; see also Fig. S3).

Wet conditions during the growing season promoted

larger lumen in earlywood tracheids while lumen area

sharply dropped during dry years (2005, 2012) in the

case of Scots pine (Fig. 1). In this species we also

noticed reductions in earlywood lumen area, more

pronounced in declining trees, during years without

dry springs such as 1953 and 1955 and during years

without available climate data such as 1925. In silver

fir, earlywood lumen area increased steadily from the

1930s to about 1985 at a mean rate of 9.5 lm2 yr�1.

These significant and positive trends did not signifi-

cantly differ between nondeclining and declining trees

(F = 1.90, P = 0.17). Lumen area in both tree groups

was then abruptly reduced after the dry summer in

1985, reaching similar values (ca. 900 lm2) in 1988.

Instead, declining Scots pine trees presented a signifi-

cant (P = 0.003) reduction in lumen area since 1950 at a

mean rate of �2.0 lm2 yr�1, whereas nondeclining

trees did not, i.e. there was a long-term divergence

between the two vigour classes (significant time x

vigour interaction, F = 7.86, P = 0.005).

Overall, wood anatomy traits responded more to

yearly climate variability among Scots pines than in

silver firs, with minor differences being observed

between the vigour classes. The spring and summer

Table 1 Structural variables describing nondeclining and declining Scots pine and silver fir trees. Data are means � SE

Scots pine Silver fir

Nondeclining trees Declining trees Nondeclining trees Declining trees

No. trees 5 5 5 5

Diameter at 1.3 m (cm) 25.1 � 3.2 26.7 � 2.0 38.5 � 3.7 32.0 � 3.0

Tree height (m) 8.7 � 1.2 8.4 � 1.0 25.4 � 1.8 22.5 � 1.8

Age (years) 136 � 17 137 � 9 98 � 8 90 � 10

Neighbourhood basal area (m2 ha�1) 10.8 � 2.0 7.8 � 1.0 20.4 � 5.3 14.3 � 2.8

Crown cover (%) 75 � 6 b 15 � 5 a 96 � 2 b 35 � 4 a

Different letters indicate significantly different values (P < 0.05) based on Mann–Whitney test.

Fig. 1 Annual values of earlywood lumen area in nondeclining and declining trees of Scots pine and silver fir as related to spring or

summer water balance (P-PET), respectively (the bars and right y-axis correspond to the water balance; note the reverse scales). Wood

anatomy data are means � SE.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2125–2137
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water balances were the major climatic drivers of Scots

pine and silver fir earlywood lumen areas, respectively

(Fig. S4). Differences in lumen area were more evident

during wet than dry years (Fig. S5). A previous wet

winter and cold and wet summer conditions enhanced

the formation of thicker latewood tracheids in Scots

pine, whereas warm summer conditions did in silver fir.

We found no significant differences in parenchyma

area between tree vigour classes (Table 2, Fig. 2). Only

in the last decade (2000s) nondeclining trees tended to

produce more parenchyma area than declining ones

(Fig. 2), but differences were not significant (Scots pine,

P = 0.35; silver fir, P = 0.42).

According to the fitted GAMs, the climatic signal of

lumen area was stronger in Scots pine, whereas the

interaction between climate and tree vigour was stron-

ger in silver fir (Table 3, Fig. 3). The GAMs accounted

for 79% and 95% of the lumen area variation in Scots

pine and silver fir, respectively (Table 3; see also

Table S1). These models confirmed that the lumen areas

in declining and nondeclining trees had diverged at

least since the 1950s with a slight trend to convergence

in the late 1980s only in the case of silver fir. The

within-ring pattern of lumen area variability was very

similar between vigour classes, with differences magni-

fied just in the early to mid earlywood where tracheids

reached the largest size.

In Scots pine, declining trees presented significantly

(F = 81.6, P < 0.001) higher d13C values

(mean � SD = �23.5 � 0.2 &) than nondeclining trees

(�24.3 � 0.3 &) (Fig. 4). However, in silver fir we

found the opposite pattern (declining trees, �25.6 � 0.4

&; nondeclining trees, �24.9 � 0.7 &) and differences

were again significant albeit less marked (F = 7.8,

P = 0.01). In both species d13C values significantly

decreased along time (Scots pine, F = 5.6, P = 0.03; sil-

ver fir, F = 6.9, P = 0.02). No significant decline x time

interactions were detected, but declining and nonde-

clining Silver firs presented similar d13C values from

the 1990s onwards, whereas a significant negative trend

in d13C was only detected in nondeclining Scots pine

trees (slope = �0.006, P = 0.015). Accordingly, only

nondeclining Scots pine trees presented a sustained

increase in iWUE, particularly since the 1980s (Fig. 4).

In agreement with d13C values, declining silver firs pre-

sented a lower mean iWUE (73 lmol mol�1) than non-

declining trees (81 lmol mol�1), but this difference

disappeared in the 1990s. However, a reverse pattern

was observed in Scots pine with declining trees show-

ing higher iWUE (92 lmol mol�1) than nondeclining

ones (84 lmol mol�1) and this divergence was more

marked since the 1960s.

Discussion

Our findings confirm that declining trees were prone to

drought-induced dieback because they produced smal-

ler lumen areas which potentially provide less hydrau-

lic conductivity to trees and constrain their ability to

grow. Such anatomic and hydraulic divergence with

respect to the nondeclining trees could be considered

a predisposing factor (sensu Manion, 1991) since it

was detected several decades (1950s in Scots pine, at

least since the 1980s in silver fir) before the droughts

Fig. 2 Decadal variability in the parenchyma ray area of nondeclining and declining trees of Scots pine and silver fir. Values are

means � SE.
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triggered die-off and induced mortality (Figs 1 and 3).

Short-term investigations have shown that the reduc-

tion in hydraulic conductivity can be counterbalanced

by concurrent changes in sapwood and leaf area allow-

ing a similar capacity to supply leaves with water

(Heres� et al., 2014). However, tuning the leaf-to-sap-

wood area ratio does not seem an adequate and valid

strategy to fully offset the long-term reduction of lumen

area detected in declining trees. Yet, the reconstruction

of wood-anatomical variables supports die-off mecha-

nisms related to enduring hydraulic deterioration, and

it is much less consistent with those concerning carbon

starvation. Although the process of tree death is com-

plex and involves a suite of parallel declines through-

out multiple tissues (Anderegg et al., 2014), we have

contributed solid evidence confirming that long-term

and plastic adaptations in xylem traits such as lumen

area do allow identifying trees vulnerable to drought

stress in terms of growth decline and vigour loss.

This long-term predisposing factor is also confirmed

at functional level with the clear separation in iWUE

between trees of different vigour. Here, the reverse pat-

tern observed between the species could be explained

by the idiosyncratic drought sensitivity of the species

with silver fir being much more drought-sensitive

respect to the ‘drought-avoiding’ Scots pine (Irvine

et al., 1998; Aussenac, 2002). In addition, the higher

iWUE of declining Scots pine trees could indicate that

they experience long-term drier local conditions due to

particular soil characteristics (lower soil water holding

capacity), or because they form shallow root systems.

Nevertheless, the lower iWUE of declining silver firs as

compared with nondeclining conspecifics and the con-

vergence from the 1990s onwards suggest that both tree

vigour classes are becoming less able to regulate their

water loss in response to warming-induced evapotran-

spiration deficits (Vicente-Serrano et al., 2015). Overall,

carbon-isotope data produced opposite patterns in two

tree species experiencing dieback which indicate that

iWUE reconstructions should be always supported by

additional long-term datasets of tree functioning such

as growth, changes in leaf and sapwood area, and

wood-anatomical data.

Wet conditions during the growing season promoted

the formation of larger lumen areas and thus increased

the theoretical hydraulic conductivity of tracheids.

However, nondeclining trees seemed more prompt

than declining ones to enlarge lumen area in response

to higher water availability, particularly in the case of

Scots pine. The divergence in this species can be traced

back to the 1950s, suggesting a long-term deterioration

in hydraulic conductivity. Drought stress, i.e. evapora-

tive demand that is not met by available water

(cf. Stephenson, 1998), is mainly controlled by air

temperatures at the Scots pine site, which is drier than

the silver fir one. Wood-anatomical data, echoed by

growth data (Camarero et al., 2015), together with the

higher responsiveness to climate detected in the Scots

pine site as compared with the silver fir site confirmed

this. We must also emphasize that the Scots pine stand

constitutes one of the southernmost and drought-

exposed limits of distribution of the species.

The two conifers also presented seasonal differences

in the wood anatomical responses to climate with

spring or summer water balance controlling earlywood

lumen area and conductivity in Scots pine, whilst in

silver fir previous summer water balance was the most

relevant driver of lumen area (Table 3) and also of

radial growth (Camarero et al., 2011). The different cli-

matic drivers of wood formation are further illustrated

by the contrasting conditions enhancing latewood

cell-wall thickening which, during late xylogenesis

(summer growing season), was more related to water

Table 3 Statistics corresponding to generalized additive

models of earlywood lumen area (edf, degrees of freedom;

F value; P, probability level)

Species Factors edf F P

Scots pine Long-term trend

*vigour: nondeclining 8.88 76.5 <0.001
*vigour: declining 8.88 71.8 <0.001

Short-term trend

*vigour: nondeclining 8.89 2556.2 <0.001
*vigour: declining 8.86 2358.3 <0.001
Climate (P-ETP) 1 930.2 <0.001
*vigour 1 4.1 0.042

vigour 1 17.2 <0.001
Silver fir Long-term trend

*vigour: nondeclining 8.79 199.8 <0.001
*vigour: declining 8.43 632.0 <0.001

Short-term trend

*vigour: nondeclining 8.91 12423 <0.001
*vigour: declining 8.94 12407 <0.001
Climate (P-ETP) 1 4.07 0.003

*vigour 1 24.16 <0.001
vigour 1 1461.02 <0.001

These models described the long-term and short-term trends

of lumen area, i.e. the interannual and intra-annual variability,

respectively, as related to tree vigour (declining vs nondeclin-

ing trees) and seasonal water balance (P-PET; spring and sum-

mer water balances were considered for Scots pine and silver

fir, respectively). We created a model containing a continuous

variable representing the long-term trend (between rings) in

wood anatomy and a variable ranging from 0 to 100 (relative

tree-ring width) showing the short-term (within rings) lumen

area trend for each species (Scots pine, silver fir). The short-

term and long-term terms of lumen area were modelled as

thin plate regression splines, whereas the effect of climate was

regarded as linear.
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availability in Scots pine and to temperature in silver

fir.

The wood-anatomical traits considered did not indi-

cate that declining and nondeclining trees presented

different xylem resistances against embolism, although

the (CWT/LD)2 ratio may not fully reflect the actual

xylem vulnerability to embolism (Domec et al., 2006;

Choat et al., 2008; Hacke & Jansen, 2009), More impor-

tantly, none of the measured (parenchyma area) or

calculated (Ccost) variables support the hypothesis that

declining trees were presenting previous or concurrent

symptoms of carbon starvation as evaluated in the stem

wood. Carbon starvation is a highly complex process

and the anatomical proxies we considered may not

permit to fully assess the processes involved in carbon

fixation and use within a tree. However, our findings

are consistent with the slight predrought decreases in

the concentrations of sapwood soluble sugars in the

Fig. 3 Observed (thin lines) and modelled long- (between annual ring) and short-term (within a ring) fitted trends in lumen area of

nondeclining and declining in Scots pine and silver fir. Generalized additive models were used to characterize the changes in lumen

area. These changes are plotted (i) by comparing between years (first 60% portion of the ring; lines of darker and lighter colours corre-

sponding to firstly and lastly formed tracheids, respectively, lower plots to the left); and (ii) by describing lumen area within a ring

(darker and lighter colours corresponding to wetter and drier conditions, respectively; note that the differences are more marked in the

Scots pine than in the silver fir).
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declining and most defoliated trees of both species dur-

ing 2012, which were followed by postdrought

increases in the case of silver fir (Camarero et al., 2015).

We interpret these changes as responses to drought-

induced declines in sink activity such as wood forma-

tion or to the formation of mobile sugars refilling embo-

lized tracheids (Dietze et al., 2014). Furthermore,

declining silver firs presented a lower physiological

performance than nondeclining trees confirming that

late-summer drought (elevated vapour pressure deficit

due to high evapotranspiration rates) caused die-off in

the mesic silver-fir site (Peguero-Pina et al., 2007).

In the case of silver fir the increase in earlywood

lumen area from the 1930s to the mid-1980s agrees with

the typical ontogenetic trend, manifested regardless of

the vigour status, and linked to height growth (Carrer

et al., 2015). This suggests that silver firs were steadily

increasing their hydraulic conductivity and growth

capacity until the late-summer 1985 drought caused a

sharp decline in earlywood area of all trees, preceding

the die-off observed in the 2010s (Fig. 1). It was during

the 1980s when lumen areas of declining and nonde-

clining trees almost converged (Figs 1 and 3), as in fact

occurred with iWUE in sites showing high and low die-

back intensity (Linares & Camarero, 2012). From the

1980s onwards, these authors reported a progressive

drought-induced growth decline and a reduced iWUE

improvement in declining silver firs, which they inter-

preted as reflecting a constant ratio between intercellu-

lar and atmospheric CO2 concentrations. This study

confirms that declining silver firs consistently produced

smaller lumens and thus always showed lower hydrau-

lic conductivity than nondeclining trees. In other

words, declining silver firs were more prone to

Fig. 4 Trends of wood carbon-isotope discrimination (d13C) and intrinsic water-use efficiency (iWUE) of declining and nondeclining

silver firs and Scots pines. Values are means � SE.
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drought-induced dieback due to their inferior hydraulic

and radial-growth performances as compared with

nondeclining trees. The loss in hydraulic performance

translated into growth decline (Camarero et al., 2015),

and possibly reduced photosynthetic rates, could be

linked to the low stomatal control of leaf gas exchange

in silver fir in response to warming-induced vapour

pressure deficits (Aussenac, 2002). Furthermore, our

findings confirm that the rise in atmospheric CO2,

aligned with the corresponding increase in iWUE, did

not counterbalance the negative effects of droughts on

growth and conductivity, whose decreases were the

final drivers of the die-off. For both Scots pine and sil-

ver fir, the hydraulic deterioration prior to the die-off

could be considered a chronic process since the water

balance has been steadily decreasing from the 1950s

onwards in both study areas. In addition, the declining

trees showed similar diameter respect to nondeclining

trees, but lower cells dimension, and this suggests that

declining trees were larger than nondeclining before

the dieback process started. This assumption may be

explained by the fact that big trees are differently cou-

pled with the environment than smaller trees.

It is evident that this study raises many questions

related to the ultimate causes making trees more sus-

ceptible to decline in hydraulic terms. Ongoing

research will investigate if soils or microtopographic

features determine the different susceptibility of neigh-

bouring trees to drought stress, particularly in the case

of Scots pine. Genetic predisposition to drought-

induced die-off within a tree population is also an

unknown driver, albeit it has been proved that genetic

variability between populations is related to their sus-

ceptibility to dieback in the case of silver fir (Sancho-

Knapik et al., 2014). Lastly, environmental and genetic

drivers could also interact determining tree vigour and

vulnerability to drought.

To conclude, this research evidences that long-lasting

wood-anatomical differences prior to the onset of water

shortage predispose trees to selective drought-induced

dieback. Declining trees of both Scots pine and silver fir

were those least fit from the hydraulic point of view. In

Scots pine the divergence between declining and non-

declining trees can be traced back to fifty years prior to

the die-off, whilst in silver fir the tracheid-lumen areas

of declining trees were consistently and significantly

smaller during the whole ontogeny, and therefore they

presented a lower hydraulic performance. None of the

analysed wood-anatomical variables supported carbon

starvation as a major mechanism of the present die-off

phenomena. Retrospective analyses of lumen-area time

series could be used as prognosis tools to predict which

trees are more prone to drought-induced die-off.

Improving these forecasts by increasing the number of

trees, sites and species under investigation is urgent

since many conifer stands will be more widely affected

by drought-induced die-offs in the Anthropocene

(Allen et al. 2015; Anderegg et al., 2015).
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Figure S1. Changes in lumen area along the five tree-ring sectors.
Figure S2. Application of a Principal Componet Analysis to define earlywood and latewood from tree-ring sectors.
Figure S3. Observed changes in earlywood cell-wall thickness.
Figure S4. Nondeclining and declining Scots pine and silver fir correlations profiles.
Figure S5. Differences in earlywood lumen area of declining and nondeclining trees during years with contrasting water availabil-
ity.
Table S1. Selection of best-fitted generalized additive models of earlywood lumen area for the two tree species.
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