Agricultural and Forest Meteorology 310 (2021) 108634

2 . . . M Agricultural
Contents lists available at ScienceDirect -

an
Forest Meteorology

Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

ELSEVIER

Check for

Tree-ring density and carbon isotope composition are early-warning signals  [%&s"
of drought-induced mortality in the drought tolerant Canary Island pine

Rosana Lopez ® ', Francisco Javier Cano b Jests Rodriguez-Calcerrada®,
Gabriel Sangiiesa-Barreda ©, Antonio Gazol 4’ J. Julio Camarero ¢, Philippe Rozenberg ©, Luis Gil

@ Departamento de Sistemas Naturales e Historia Forestal, Universidad Politécnica de Madrid. Ciudad Universitaria, 28040 Madrid, Spain

b ARC Centre of Excellence for Translational Photosynthesis, Hawkesbury Institute for the Environment. Western Sydney University, Richmond, NSW 2753, Australia
¢ EiFAB-iuFOR, University of Valladolid, Campus Duques de Soria, 42004 Soria, Spain

4 Instituto Pirenaico de Ecologia (IPE-CSIC), Avda. Montanana 1005, E-50192 Zaragoza, Spain

€ Biologie Intégrée pour la valorisation de la diversité des Arbres et de la Forét" (BIOFORA, INRAE), 2163 Avenue de la Pomme de Pin, BP 20619, Ardon, 45166 Olivet
Cedex, France

ARTICLE INFO ABSTRACT

Keywords: Tree death is not always preceded by a visible decline in vigor (canopy dieback) or a progressive loss in crown
Dieback volume. Identifying early-warning signals of incipient decline can help to implement the necessary measures to
Drought

prevent tree death. The aim of this work is to understand what functional alterations preceded the massive
drought-induced death of adult Pinus canariensis trees in an arid stand, located in the Canary Islands. To this aim,
we analyzed interannual variations in earlywood and latewood width, wood density and anatomy, and carbon
isotope composition, and the relationships among these variables, in dead and living trees from 1980 to 2013.
Dead trees grew less since the 1990's, produced fewer parenchyma rays and resin canals, and exhibited a trend of
decreasing latewood density and a marked shift in carbon isotope discrimination over the last 34 years that were
reversed in living trees. Higher wood density in living trees resulted from thicker tracheid cell walls rather than
narrower lumens. The intrinsic water use efficiency shifted from higher to lower values in dead trees after the
2000s. These results suggest a carbon limitation to maintain hydraulic safety under xylem tension, as well as to
maintain storage and defense capacity, which can render trees more vulnerable to severe drought episodes. A
long-term trend of decreasing tree-ring density and a reduced intrinsic water use efficiency in the short-term can
be early-warning signals of carbon limitation and tree decline in drought-stressed P. canariensis. The analysis of
these variables can be used to assess tree decline risks in similarly vulnerable conifer populations inhabiting
drought-prone regions.

Pinus canariensis
Tree-ring width, Water use efficiency
Wood density, Xylem functional anatomy

1. Introduction system as the ubiquitous mechanism of mortality across taxa (Adams

et al., 2017; Choat et al., 2018). However, in gymnosperms some cases

Episodes of drought-induced forest dieback and mortality have been
observed in the last decades worldwide (Allen et al., 2010; Rodri-
guez-Calcerrada et al., 2017a), and are likely to become more frequent
in the future as a consequence of increasing aridity and rising temper-
ature (Allen et al., 2015; Dai, 2013). Strong efforts to reveal the mech-
anisms underlying forest dieback and associated tree mortality have
been made in the last decade, particularly following the framework
suggested by McDowell et al. (2008), in which an interdependent set of
processes concerning carbon storage depletion and plant hydraulics are
involved. Recent evidence points to the failure of the plant hydraulic
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have been observed where carbon balance and water transport were
both compromised (Adams et al., 2017; Garcia-Forner et al., 2016).
Many studies concerning the mechanisms of tree mortality have used
potted plants (e.g. saplings) where drought is imposed at higher rates
than in natural conditions, and the root system is constrained (Mitchell
et al., 2014; Rodriguez-Calcerrada et al., 2017b; Sevanto et al., 2014).
Large trees in natural conditions are more resistant and resilient to
drought; however, their height, and irregular branch mortality upon
drought limit the applicability of many physiological measurements.
Dendroecological studies comparing wood traits of dead and living trees
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of similar age and size, and growing in the same conditions have shown
promising to unveil the process of mortality under drought, particularly
when they include hydraulics and functional traits such as wood density,
wood anatomy, or wood stable isotope ratios (Camarero et al., 2015a,
2015b; Martinez-Vilalta, 2018). These studies provide an integral,
comprehensive, long-term retrospective analysis of tree responses to
environmental changes, and allow for the possibility to work with
mature trees usually underrepresented in studies of tree mortality
(Choat et al., 2018; Gessler et al., 2018).

Radial growth of the woody stem is a highly integrative process
influenced by whole tree physiology, and regulated by environmental
conditions (Fonti et al., 2010; Martinez-Vilalta, 2018). It is commonly
observed that acute, short-term stressors such as extreme droughts
trigger a decrease in radial growth rates that last for several years to
decades prior to death (DeSoto et al., 2020; Heres et al., 2012; Linares
and Camarero, 2012; Staley, 1965). Cailleret et al. (2017) associated this
long-term decrease in growth to a gradual decline in carbon reserves
coupled with a gradual hydraulic dysfunction. Nevertheless, there are
exceptions in which dying trees only experienced growth reductions a
few years before death (Bigler and Veblen, 2009; Voltas et al., 2013;
Zadworny et al., 2019), associated with generalized hydraulic failure or
bark beetle attacks (Cailleret et al., 2017).

The xylem of gymnosperms is mainly composed of tracheids, which
provide mechanical support and define water transport capacity (Tyree
and Zimmermann, 2002). Prevalence of one function over the other is
determined by changes in lumen area and wall thickness of these cells.
At the beginning of the growing season, earlywood tracheids have
relatively large lumens and thinner walls, and are thus optimized to
supply water to the canopy. Whereas, latewood formed later in the
growing season is characterized by tracheids with smaller lumens and
thicker walls, less efficient conducting water, but mechanically stronger
(Pellizzari et al., 2016; Domec and Gartner, 2002; Tyree and Zimmer-
mann, 2002). The mechanical properties of the tracheids are related to
the thickness-to-span ratio (i.e. the ratio of tracheid double wall thick-
ness to lumen diameter; Sperry et al., 2006). Because this ratio provides
an indirect assessment of hydraulic safety against xylem implosion
(Hacke et al., 2006), latewood and in general denser woods are
considered to be more resistant to cell implosion under water tension
than earlywood and woods with lower density (Hacke and Sperry,
2001). Parenchymatic rays and resin canals are responsible of the stor-
age and defense functions of the xylem (Tyree and Zimmermann, 2002).
The variable investment of carbon and mineral nutrients between
earlywood tracheids, latewood tracheids or parenchyma cells represents
a dynamic way to guarantee xylem water supply, defense, and storage
functions under fluctuating environmental conditions (Sass-Klaassen
et al., 2016). Sustained or acute stresses, however, can cause an un-
balance among these functions and jeopardize tree vigor in the long run.

Besides these anatomical proxies of xylem functions, carbon isotope
composition (513C) of tree rings provides additional insights into the tree
water and carbon economy (Gessler et al., 2018). Specifically, the car-
bon isotope discrimination (A'3C), which accounts for the discrimina-
tion against the 13C isotope made by the plant with respect to the §'3C of
CO; in the air, has been extensively used to quantify the intrinsic
water-use efficiency (iWUE), i.e. the ratio of net photosynthesis to sto-
matal conductance to water vapor (Francey and Farquhar, 1982; Seibt
et al., 2008). In Mediterranean species, the variation in iWUE from year
to year has been usually explained by climatic constraints, mainly
drought (Ferrio and Voltas, 2005; Granda et al., 2014) as stomatal
conductance decreases to reduce water loss (Battipaglia et al., 2013) and
avoid the development of high xylem tensions.

Some populations of Mediterranean pines located at the dry edges of
their distribution limit are likely to be particularly vulnerable to increase
drought severity (Camarero et al., 2015a; Hampe and Petit, 2005;
Sanchez-Salguero et al., 2017). In 2013, after two consecutive extremely
dry years, a massive mortality event in a Pinus canariensis Chr. Sm. Ex DC
plantation (Fig. S1) was recorded by the Forestry Service at the South of
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Gran Canaria (Canary Islands, Spain). In previous studies, trees from this
area showed high embolism resistance (Lopez et al., 2013), distinctive
sclerophyllous leaves (Lopez et al., 2008), and some degree of plasticity
in these traits, associated with survival under dry conditions (Lopez
et al., 2007, 2010, 2016).

We tested the following hypotheses to explain the widespread mor-
tality event of 2013: 1) now-dead trees (dead trees hereafter) show a
gradual decrease in radial growth rates for decades prior to death in
comparison with living trees; 2) dead trees are more vulnerable to xylem
dysfunction than surviving ones due to reduced carbon investment in the
xylem (i.e. narrow tree rings of low density); 3) phenotypic integration
of xylem traits differs between dead and living trees; that is, dead trees
show stronger trade-offs between hydraulic efficiency and safety, and
between iWUE and wood density that predispose these plants to die. To
test these hypotheses, we investigated changes in radial growth (tree-
ring width), wood density, anatomy (i.e. lumen area and cell-wall
thickness), and iWUE derived from A3C from 1980 to 2013. We also
assessed the relationships of these variables among them and with the
local climate trend. Our specific objectives were to: i) shed light on the
mechanisms underpinning tree mortality after an extreme drought
event, ii) identify differences in the phenotypic integration of xylem
traits related to water transport, defense, storage and mechanical sup-
port between living and dead trees; and iii) facilitate interpretations of
climate control over these traits.

2. Material and methods
2.1. Study site, sampling strategy and plant material

We selected a Pinus canariensis reforested stand located in Tirajana,
south of Gran Canaria, Spain (27° 54’ N, 15° 37’ W, 1100-1200 m a.s.1.),
affected by extensive tree mortality in 2013 (ca. 35% of dead trees;
Fig. S1). The site has an arid environment, with mean annual precipi-
tation 196 mm, mean annual temperature 17.7 °C and ca. 8 months of
drought (average data from 1950 to present). Soils are shallow, very
compact and stony.

We chose 24 dominant adult trees that died during 2013. Needles of
dead trees have dried out and dropped at sampling time. After felling
each tree, a wood slice was obtained at breast height (1.3 m). We also
selected the nearest dominant living tree (24 living trees in total), and
extracted two wood cores at 1.3 m using 5.15 mm-diameter increment
borers. Wood samples were collected between January and March 2014.
We measured the diameter at breast height (dbh, 1.3 m) of all sampled
trees and counted the rings from bark to pith to estimate their age at 1.3
m. All the slices and cores were dried at room temperature. One core of
each living tree and a piece of 1-3 cm width of the slice of the dead trees
were transported to the INRAE (formerly INRA, Orléans, France) for
analysis of tree-ring width, wood density and anatomy. The remaining
material was sent to IPE-CSIC (Zaragoza, Spain) for verifying the pre-
vious cross-dating, and sample preparation for isotope analysis. Living
and dead trees did not significantly differ in dbh (average dbh 14.9 +
0.5 cm) or age (53 £ 1.3 years).

Climate data from 1980 to 2013 were obtained from Climate Ex-
plorer, E-OBS temperature and precipitation datasets (https://climexp.
knmi.nl/start.cgi).

2.2. Growth and microdensity profiles

Wood slices and cores were sawn to 2-2.5 mm thickness. After resin
extraction with pentane during two days, samples were analyzed by
indirect X-ray densitometry (Polge, 1966). X-ray films were scanned at a
1000 dpi resolution, with 8 bits depth per pixel. Images were processed
with WinDendro (Regent Instruments Inc.) to obtain the density profiles
from which tree-ring width was measured as described in Marti-
nez-Meier et al. (2008).

Trees were visually cross-dated and microdensity variables were
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computed yearly from 1980 to 2013 rings. We described each of the tree-
rings of this period with nine descriptors: ring width (RW), earlywood
width (EW), latewood width (LW), latewood proportion (LW%), mean
ring density (D), minimum ring density (Dpyin), maximum ring density
(Dmax), earlywood density (ED) and latewood density (LD). Earlywood
and latewood densities were taken as the average density of their
respective ring portion (Martinez-Meier et al., 2008). Some trees were
younger than the average (53 years) and we discarded them from further
analysis. In total we successfully dated and measured 21 living trees and
20 dead trees.

2.3. Wood anatomy

Five cores of living trees and five slices of dead trees used for growth
and microdensity measurements were randomly selected for the
anatomical study. Wood samples were prepared for light microscopy
observation following standard protocols (Rodriguez-Garcia et al.,
2016). Transversal sections 15-25 um thick were cut using a sliding
microtome (Leica SM 2400) and stained with a solution of 1% safranin.
Then sections were mounted and digitalized with a camera attached to a
light microscope (Olympus BX50) for further image analysis with
ImageJ (Schneider et al., 2012). All variables were measured or calcu-
lated on a per tree-ring basis, separately for earlywood and latewood.
For each ring, lumen area (A), tangential lumen diameter (b) and double
cell wall thickness (t) were measured in at least 120 tracheids in the
earlywood and 70 tracheids in the latewood. Tracheids were measured
along complete radial rows to include a representative estimate of ring
anatomical variability. Tracheid separation was aided by the ‘Water-
shed’ function in ImageJ and, when necessary, by manually drawing
tracheid borders. The equivalent circular lumen diameter (D) was
calculated from the tracheid lumen area. The mean hydraulic diameter
(Dh) was used as a proxy of hydraulic efficiency, and it was calculated
following Tyree and Zimmermann (2002) as:

e 0.25
Dh = ( ! ) &)

where Dh is the hydraulic diameter, D is the equivalent circular lumen
diameter, and N is the number of tracheids.

The (t/b)? ratio or cell wall reinforcement has been related to resis-
tance to implosion and correlates with drought embolism resistance
across species (Hacke et al., 2001), but not within the annual ring
(Dalla-Salda et al., 2014). Moreover, we considered the percentage of
xylem area occupied by cell walls (%t) determined in the cross sectional
area, as a proxy of carbon cost. Finally, the number of parenchyma rays
(PR) and axial resin canals (RC) were counted per growth ring and
expressed per ring area (ring width x core diameter). See Table 1 for a
complete list of all analyzed traits.

2.4. Stable carbon isotope composition (5'°C) and intrinsic water use
efficiency (iWUE)

The same ten trees (five living and five dead) used for anatomical
measurements were selected for carbon isotope analysis. For each wood
core and each slice, rings were separated in 5-year tree-ring groups using
scalpels. The resulting wood samples were ground to a fine powder using
a ball mixer mill (Retsch Mixer MM301, Leeds, UK). A subsample of the
homogenized powder was weighed and introduced into tin foil capsules
and sent to the Stable Isotope Facility of the University of California,
Davis, USA. §'3Cyooq Was measured using an isotope-ratio mass spec-
trometer (Thermo Finnigan MAT 251, Bremen, Germany) interfaced
with a Flash EA-1112 elemental analyzer. The relationship between
stable isotopes 'C and '2C was expressed in relation to a Pee-Dee
Belemnite (PDB) standard. The accuracy of 613Cw00d measurements
was +0.05%o.

Carbon isotope discrimination was calculated following Farquhar
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Table 1
List of traits included in the study, with abbreviations and units.
Abbreviation  Trait Xylem function Units
proxy
Growth traits
RW Ring width mm
EW Earlywood width mm
Lw Latewood width mm
LW% Latewood proportion %
Wood density traits
D Wood density Support kgm ~ 3
Dmin Minimum ring density Support kgm 3
Dinax Maximum ring density Support kgm ~ 3
ED Earlywood density Support kgm ~3
LD Latewood density Support kgm 3
Anatomical traits
Et Earlywood double wall Support/Safety um
thickness
Lt Latewood double wall Support/Safety um
thickness
b Tracheid tangential lumen Efficiency um
diameter
E(t/b)? Earlywood cell wall Safety
reinforcement
L(t/b)? Latewood cell wall Safety
reinforcement
E%t Cell wall proportion in Support %
earlywood
L%t Cell wall proportion in Support %
latewood
EDh Earlywood hydraulic Efficiency um
diameter
LDh Latewood hydraulic Efficiency um
diameter
PR Parenchyma ray density Storage Number mm 2
RC Resin canal density Defense Number mm 2
13¢ isotope composition traits
53¢ Carbon isotope %o
composition
A3C Carbon isotope %o
discrimination
iWUE Intrinsic water use umol CO, mol !
efficiency H,0

and Richards (1984):

513 Cair (%0) - 513 Cnredlz (%0)

3" Coeeate (%0)
1000 + 1

Al}Cneedle (%O) = (2)

Because the analyses were made on 5- ring groups, we used averaged
values of 8'3C,;; for each 5-year time period from freely available data
(ftp://aftp.cmdl.noaa.gov/data/trace_gasses/co2c13/flask/) collected
at Izana, Tenerife, Canary Islands, Spain (28°18' N, 16°29' W, 2373 m a.
s.l.), and analyzed by NOAA ESRL Carbon Cycle Cooperative Global Air
Sampling Network over 1990-2014 (White, Vaughn & Michel, 2015);
513C,;; values were then linearly extrapolated back to 1982. To extrap-
olate tree-ring 5'°C data to pine needles, we applied the correction:
6" Creedie(%0) = 62Cuooa(%0) — 2(%y), according to previous results
where §'%Cyooq Was 2%o less negative than that of the needles in
Lagarostrobos franklinii (Francey et al., 1985).

The intrinsic water use efficiency (iWUE, in pmol CO; mol ™! H,0)
was calculated following the simplified model of 3C discrimination of
Farquhar et al. (1982):

Cn (b - ABCneezlle)

16 b—a 3

iIWUE, cetie =

where a is the fractionation during CO5 diffusion through the stomata
(4.4%o0; O’Leary, 1981), b is the net fractionation associated to carbox-
ylation by Rubisco and PEP carboxylase (27.3%o; Evans et al., 1986), and
C, is the CO4 concentration of the atmosphere averaged for each period
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of five years from the freely available data (https://doi.
org/10.15138/wkgj-f215) collected at Izana, and analyzed by NOAA
ESRL Carbon Cycle Cooperative Global Air Sampling Network,
1968-2018, Version: 2019-07 (Dlugokencky et al., 2019).

A sensitivity analysis to evaluate the effect of 5'3Cqr and C, on
iWUEeeqle Was also carried out.

2.5. Statistical analyses

We used generalized additive mixed models (GAMM; Wood, 2017) to
evaluate if temporal trends in wood traits differed between living and
dead trees. Separated models were created for RW, EW, LW, D, ED and
LD. Tree identity was regarded as random factor since tree-rings
represent repeated measures over the same individual. Thin-plate
regression splines were used to model fixed effects (Wood, 2003). As
fixed factors, we included the calendar year to account for the temporal
trend, and the estimated tree age to represent the impact of ontogeny on
tree growth. Further, a vitality factor classifying trees in living and dead
was included to represent differences between the two groups. We also
included the temperature of October in the year of tree-ring formation,
as it showed a strong correlation with RW. We included interactions
between calendar year and vitality, to account for the potential differ-
ences in growth trajectories between living and dead trees, and between
the temperature of October and vitality to account for the potential
different responses to climate. A first-order autocorrelation structure
(AR1) was included to account for the dependency of the values in the
year t from that in the year t-1. Several potential models were compared
and the most parsimonious was selected according to the second-order
Akaike Information Criterion (AICc), taking into consideration both
parsimony and likelihood (i.e. the model with the fewest predictor
variables for which the difference in AICc relative to minimum AICc is
lower than 2; Burnham and Anderson, 2002).

The effect of vitality and calendar year on variables related to wood
anatomy and carbon isotope discrimination were tested using repeated
measurements ANOVA. Finally, to assess if phenotypic integration
differed between earlywood and latewood, and living and dead trees,
linear regression and Pearson correlation analyses were performed be-
tween variables related with growth, wood density, anatomy, and
climate of the year of ring formation and the previous year (mean annual
precipitation, precipitation in spring, summer, autumn and winter,
mean annual temperature, mean temperature in spring, summer,
autumn and winter). Bivariate relationships between traits were also
assessed using simple linear or nonlinear least squares regression. We
averaged values of these variables for the same 5-year time period than
for A'3C to calculate the correlation coefficients.

All statistical analyses were performed using the R software (R Core
Team, 2019). The “mgcv” package (Wood, 2017) was used to fit
GAMM’s.

3. Results

3.1. Radial growth, wood density and wood anatomy — trends in living
and dead trees

Average ring width (RW) was 1.2 + 0.1 mm (mean =+ SE) in living
trees and 0.9 + 0.1 mm in dead trees, and significantly differed between
living and dead trees from the 1990's (Fig. 1a). In dead trees, RW
showed a significant negative trend from 1980 to 2012, whereas no
trend was found for living trees during the same period (Fig. la;
Table 2). The latewood proportion (LW%) significantly increased with
time. It was lower than 19% at the beginning of the time series and
higher than 22% at the end, and with no differences between living and
dead trees due to two different patterns: in living trees, LW significantly
increased with time whereas EW did not show any trend, while in dead
trees EW showed a steeper decrease than LW (Fig. 1). Latewood density
(LD) and D, significantly increased over time in living trees, but they
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significantly decreased in dead trees (Fig. 2). Minimum wood density
(Dmin) was on average 0.51 g cm 3, with no differences between living
and dead trees, and no significant trend over time. The models proposed
showed divergences between living and dead trees in all the ring-width
variables (RW, EW and LW) and LD (Table 2 and Figs. S3, S4). However,
the fraction of variation explained by the models was rather low and did
not exceed 15% in any case.

We found a weak but significant temporal trend in traits related with
cell wall measurements and parenchyma rays but not in those related
with tracheid lumens (Fig. 3). Cell wall thickness (t) and area occupied
by cell walls (%t) tended to increase slightly over time in the earlywood
of dead and living trees (Fig. 3¢, 3g). This was also true for latewood in
living trees, but the trend was reversed in dead trees (Fig. 3d, 3h). Pa-
renchyma rays (PR) significantly decreased with time from almost 7.0
rays mm 2 at the beginning of the study to less than 5.5 rays mm™2 in
the last year (Fig. 3j). This decrease was more evident in dead trees from
1997 onwards (Fig. 3j). The number of resin canals was higher in living
than in dead trees and tended to decrease over time (Fig. 3i).

Living trees formed significantly thicker cell walls and more paren-
chyma rays, and showed higher (t/b)? and %t than dead trees. Differ-
ences were significant in both earlywood and latewood (Fig. 3). By
contrast, the mean hydraulic diameter (Dh), related to water transport
efficiency, showed a clear interannual variability, and did not differ
between dead and living trees for either earlywood or latewood (Fig. 3a,
3b).

3.2. 613Cw00d and intrinsic water use efficiency (iWUE) — trends in living
and dead trees

The analysis of 513C,o0d revealed a similar 5'3C,y0q in both living and
dead trees during the first period analyzed (1982-1986) (Fig. 4;
Table 3). The following period (1987-1991) was wetter and living trees
showed a sharper decrease in 613C,00q than dead trees. Thereafter,
513Cwo,,d showed a slight constant trend to decrease in both dead and
living trees until 1997-2001, when §3Cy00q suddenly dropped in dead
trees (Fig. 4a; Table 3).

The two contrasting trends of living and dead trees became more
evident when comparing the carbon isotope discrimination estimated in
needles (A'3Cpeedie), once the actual trends in [CO,] and 5*3C in the air
were accounted for (Fig. 4b).

The estimated values of iWUE were highly influenced by the tem-
poral changes in air [CO;3] and 613Cair (Fig. S5). When these changes
were taken into account, the iWUE of living trees exhibited a continuous
increase from 1989 (Fig. 4c, Table 3), mainly due to the increase in air
[CO3l, rather than to the less negative 513Cair (Fig. S5). Dead trees
showed significantly higher iWUE than living trees from 1987 to 1996,
but in the driest period 1997-2001, there was a change in the tendency,
and iWUE of dead trees started to decrease, while iWUE of living trees
continued increasing. In the five years preceding the death of these trees,
iWUE was significantly lower than in surviving trees (Fig. 4c, Table 3).

3.3. Phenotypic integration of xylem traits in living and dead trees

The correlation analyses supported that phenotypic integration
differed between earlywood and latewood and between living and dead
trees; still, some common patterns emerged (Fig. 5). A negative trade-off
between hydraulic efficiency and safety existed except for the earlywood
of living trees. Hydraulic safety was always positively correlated with
mechanical support, and growth was always positively correlated with
defense traits (Fig. 5). The number of significant correlations was higher
in the latewood of living trees and in the earlywood of dead trees. In the
former, L(t/b)?> and RC were positively correlated and showed the
highest number of significant correlations with other variables. In dead
trees, EW was negatively correlated with ED and E(t/b)? and positively
with EDh, RC and PR (Fig. 5).

Cell wall thickness and the area occupied by walls rather than lumen
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Fig. 1. Annual growth ring parameters (in mm). The lines represent mean observed values for living (black) or dead (red) trees. Polygons surrounding the lines
represent the standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
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Variables included in the proposed models to explain wood formation in P. canariensis. For variables year, tree status (living or dead), tree age and the temperature in
the year of the growth ring formation (Toctober) and their interactions (columns) modelled with thin-plate regression splines, the F statistic of the variables (rows) and
the expected degrees of freedom are shown. For those variables modeled as linear terms, the estimated regression coefficient () is shown. RW: ring width, EW:
earlywood width, LW: latewood width, D: wood density, ED: earlywood density, LW: latewood density. Significant effects are indicated with * (p. < 0.1) and ** (p. <

0.01). See Table S1 for information of the competing models tested.

RW EW Lw D ED LD
Year 76.91** (1.00) 73.09** (1.00)
Year x living 0.14 (1.00) 1.68 (1.70) 9.43** (1.00) 13.98** (1.00)
Year x dead 20.72** (1.00) 28.00** (1.00) 2.02 (1.00) 1.90 (1.00)
Tree age 2.04 (1.00) 2.37 (1.00) 2.27 (1.00) 1.44 (1.00) 0.18 (0.67)
Status (living) 0.36 (£ 0.12)** 0.31 (£ 0.09)** 0.08 (& 0.02)** 0.05 (& 0.01)**

Toctober —0.08 (& 0.02)** —0.07 (& 0.01)**
Toctober X Status
R? 0.08 0.10 0.06

—0.02 (+ 0.00)**

0.002 (& 0.001)** —0.003 (+ 0.002)

0.06 0.05 0.13

latewood density
o
~
o
1

| BNLJL L B LB B L LB L B LB BN ]

1980 1990 2000 2010

Fig. 2. Latewood density values (in g cm™>). The lines represent observed
values for living (black lines) or dead (red lines) trees. Polygons surrounding
the lines represent the standard error. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

area drove the variations in D, ED and LD (Fig. 6); this was particularly
evident for LD (Fig. 6d; 6 h). Ring width (RW) in living trees was not
correlated with D but showed a positive correlation with D¢ and LD,
and a negative correlation with Dy, and ED (Table S2). In dead trees,
however, RW was negatively correlated with all parameters of wood
density (Table S2). A3Creedie Was positively correlated with ED, LD, L(t/
b)? and L%t in living trees, but negatively correlated with LW and LD in
dead trees (Fig. 7).

3.4. Influence of climatic conditions on growth, wood density and wood
anatonty

From 1960 to 2013, there was a mean annual temperature increase
of 2 °C at Tirajana (r> = 0.52), but no trend in mean annual precipita-
tion, with a reference value of 180 mm year ™ (Fig. $2). The decade from
1992 to 2001 was particularly dry with mean annual precipitation lower
than 150 mm in all but two years, and mean annual temperatures ca.
0.5 °C higher than the average (Fig. S2). The next years were more
humid and there was only two consecutive years, 2011 and 2012, with
annual precipitation lower than 150 mm. From March 2011 to August
2012 the site received ca. 100 mm of rainfall. Moreover, the summer of
2012 was particularly warm, with mean monthly temperatures 1.5 °C
higher than the average. Thus, the severe drought period of 2011-2012
was immediately followed by a marked heat wave in the summer of

2012.

Ring width and earlywood traits were more influenced by winter
precipitation of the previous year in living trees and by current-year
spring precipitation and temperature in dead trees, (Table S3), besides
the positive correlation of October temperature in RW in both living and
dead trees. Latewood traits were related to spring and summer precip-
itation in living trees and with autumn precipitation in dead trees.

In living trees winter precipitation of the previous year was posi-
tively correlated with RW, EW, PR, and Edh and negatively with E(t/b)?
and E%t (Table S3). Spring precipitation was positively correlated with
LDh but negatively with %LW, whereas summer precipitation was
positively related with Lt and L(t/b)?. Higher temperatures during
spring were negatively correlated with PR and positively correlated with
L%t (Table S3). Dead trees were mainly affected by spring climatic
conditions: spring precipitation was positively related with RW and EW
but negatively with %LW. Spring temperature was positively related
with ED and %LW, but negatively with LD, Dpax, RC and PR. Autumn
precipitation was associated with higher LDh and lower LD and Dpax
(Table S3).

4. Discussion

Pinus canarienis has the southernmost distribution limit of its natural
range in the southern part of Gran Canaria, where survival and natural
regeneration are severely constrained by water availability (Lopez de
Heredia et al., 2014). Approximately 35% of planted P. canariensis trees
died in 2013 in this area, after the severe drought in 2011-2012. Our
results suggest that trees succumbed following decades of carbon limi-
tation after the 1990s drought, which appeared to affect stomatal
regulation, xylem embolism resistance and storage and defense capacity.
These results agree with a recent study showing that gymnosperms
surviving a severe drought recovered better from previous non-lethal
droughts than dying trees (DeSoto et al., 2020); also with observations
of loss of resilience after multiple droughts (Bose et al., 2020). Here we
discuss the interdependence of hydraulic dysfunction and carbon limi-
tation underpinning drought-induced death of Pinus canariensis, which
can be extensible to other tree species in marginal climate populations
(McDowell, 2011).

4.1. Decreasing wood density, iWUE and growth warn of upcoming tree
death after prolonged drought

Extremely dry conditions in the studied area resulted in low growth
rates in both dead and living trees. Growth of dead trees was even lower
in the years prior to death (i.e. 1990 onwards; Fig. 1). Trugman et al.
(2018) applied the optimal carbon allocation theory to explain this
widely observed multi-year lag in post-drought mortality. If during
prolonged or severe droughts the water transport capacity of the tree is
constrained by massive embolism in the hydraulic system, the only way
to recover water transport and ensure carbon uptake in the absence of
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Fig. 3. Wood-anatomical traits of earlywood (E, left panels: a, c, e, g),latewood (L, right panels: b, d, f, h), resin canals and parenchyma rays for living (black lines)
and dead (red lines) trees from 1980 to 2013. Abbreviations: E, earlywood; L, latewood; Dh: tracheid hydraulic diameter; t: wall thickness; (t/b)?: thickness to span
ratio;%t: percentage of area occupied by cells walls; RC: density of resin canals; PR: density of parenchyma rays. Polygons surrounding the lines represent the
standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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refilling mechanisms is by growing new xylem tissue (Brodribb et al.,
2010). During the production of new conductive tissue under conditions
of limited carbon assimilation, some trees ultimately succumb to a
depletion of accessible carbon reserves (Trugman et al., 2018). Three
results in our study would support a gradual increase of carbon limita-
tion to maintain water transport, storage, and defense in dead trees:
lower growth and wood density, fewer parenchyma rays and resin ca-
nals, and a sudden change in iWUE, from higher to lower values than in
living trees.

The first sign of carbon limitation in dead trees was their consistently
lower growth and progressive decrease of latewood density as compared
to living trees (Fig. 1; Fig. 2; Fig. S3; Fig. S4). It is a common forester
observation that trees that are less vigorous are the first trees to die
(Blais, 1958; Parker, 1969). Severe droughts frequently leave persistent
legacy effects that progressively decrease growth rates for several years
before death (Cailleret et al., 2017). The mechanism by which denser

Agricultural and Forest Meteorology 310 (2021) 108634

wood is related to drought tolerance is complex. Some studies support
the idea that higher wood density is related with the thickness to span
ratio of the tracheids or vessels (Fig. 6), thus with greater resistance to
implosion (Hacke et al., 2001) and cavitation (Dalla-Salda et al., 2011;
Hacke and Sperry, 2001; Hacke et al., 2001; Jacobsen et al., 2007)
associated to increasing xylem tension. In some cases, higher tree-ring
and latewood densities have been directly related with survival (Mar-
tinez-Meier et al., 2008; Ruiz Diaz Britez et al., 2014). Conversely, in
other dieback episodes, the lower growth of declining Abies alba and
Pinus sylvestris trees was associated to higher earlywood density and
smaller lumen area of earlywood tracheids compared with
non-declining trees (Hevia et al., 2019), pointing to a progressive hy-
draulic impairment under recurrent droughts and increasingly warmer
conditions (Pellizzari et al., 2016). After growing in a drought treatment
for six years, Pinus edulis only produced one or two cell layers of late-
wood with thinned walls (Sevanto et al., 2018) pointing also to cumu-
lative carbon limitation. In P. canariensis, higher density in living trees
was not the result of narrower tracheid lumens, and thus of less efficient
water transport capacity (Bjorklund et al., 2017); higher density was the
result of thicker walls. Thicker cell walls confer higher resistance to
implosion (Hacke and Sperry, 2001), and may have bordered pits less
prone to air seeding (Bouche et al., 2014; Delzon et al., 2010). These
characteristics make the xylem more resistant to xylem sap tensions but
also possibly more expensive to construct in terms of carbon and
nutrient costs (Meinzer et al., 2008).

A second evidence of carbon limitation of dead trees was their lower
capacity for storage of carbohydrates, nutrients and defense compounds.
The density of parenchyma rays decreased in both death and living trees
after the 1990s drought, but in the case of dead trees it did not recover
afterwards. Since gymnosperms depend on carbohydrate reserves to
regrow new xylem after hydraulic failure (Brodribb et al., 2010), the
small fraction of parenchyma tissue in dead trees (Fig. 3j) could have
compromised their capacity to store and use carbohydrates after the
long drought (Rodriguez-Calcerrada et al., 2015). This is particularly
true in P. canariensis trees, which depend on carbon reserves to resprout
and resume growth after disturbances (Miranda et al., 2020). In the
same line, fewer resin canals in dead trees, and positive correlation
between radial growth and defense traits might reflect a reduced carbon
availability to defense (Fig. 3i; Fig. 5; Rodriguez-Garcia et al., 2014;
Sala et al., 2010).

A third sign of carbon limitation was the different pattern of iWUE
over time between dead and living trees (Fig. 4). The fact that A3Ceedie
increased during 1987- 1991 relative to 1982-1986 in living trees but
not in dead trees suggests that Ci/Ca ratio remained constant in dead
trees (Linares and Camarero, 2012), which points to persistent water
stress and reduced stomatal conductance in dead trees (Cano et al.,
2014; Warren et al., 2011). The better water status of living trees could
be related with differences in soil and root depth. Any of both factors is
in agreement with the positive correlation between winter precipitation
and next year radial growth in living trees, whereas dead trees in shal-
lower soils and/or having shallower roots would rely on current-year
spring precipitation to sustain radial growth (Table S3).

The low growth rates and possibly reduced stomatal conductance
associated to higher iWUE of dead trees during the driest period, from
1991 to 2001, appeared to be efficient in saving water and sustaining
hydraulic functions on the short term (Lopez et al., 2021). On the long
run, however, stomatal limitations to carbon uptake might cause a
progressive decline of the water transport capacity due to reduced
growth of new xylem which can compromise water transport in case of
significant drought induced embolism after long or intense droughts
(Galiano et al., 2011; Gessler et al., 2018).

The iWUE of dead trees dropped sharply and continuously after the
dry and warm 1992-2001 decade, and despite the rising atmospheric
COg trend (Fig. 4, Table 3). Although a reduction in iWUE (derived from
813Cy00d) in mesic trees species suffering die-back from severe droughts
has been often related to delayed stomatal closure and increased
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Table 3
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Measured and estimated values (+ SE) of carbon isotope composition (5'3C, %o) in tree rings and in needles, and discrimination against 13-carbon in the needles
(A3 Creedres %o) With respect to the air source at each 5-year time period. iWUE (umol CO, mol~! H,0) for dead and living trees was derived form A'3Cpeeqe using

equation (3) described in the main text.

Period 8"*Cwood 8"*Cuvood 8" *Cnecdie 8"*Cneedle 8 Catmos  [CO5] ACpeedie(%)  ACpecaie(h)  iWUE (pmol  iWUE (pmol
(%o) Living (%o0) Dead (%o0) Living (%o) Dead (%o) atm Living Dead CO, mol ! CO, mol !
(ppm) H,0) Living H,0) Dead
2011-2007  —23.75 —24.15 ~25.75 ~26.15 -8.32 387.34 17.89 (0.09) 18.31 (0.12) 99.43 (1.81)  94.99 (1.54)
(0.25) (0.28) (0.25) (0.28)
2006-2002  —23.72 ~23.63 ~25.72 ~25.63 -8.19 377.18 17.98 (0.11) 17.89 (0.16) 95.89 (1.78)  96.86 (1.86)
(0.25) (0.25) (0.25) (0.25)
2001-1997  —23.49 —23.17 —25.49 ~25.17 -8.07 367.97 17.88 (0.10) 17.55 (0.14) 9459 (1.72)  97.96 (1.81)
(0.20) (0.25) (0.20) (0.25)
1996-1992  —23.39 —23.03 —25.39 —25.03 ~7.94 359.72 17.90 (0.09) 17.52 (0.12) 92.29 (1.40)  96.00 (1.60)
(0.25) (0.28) (0.25) (0.28)
1991-1987  —23.20 ~22.89 ~25.20 ~24.89 ~7.82 352.43 17.83 (0.09) 17.51 (0.10) 91.10 (1.30)  94.21 (1.42)
(0.25) (0.20) (0.25) (0.20)
1986-1982  —22.81 —22.78 —24.81 —24.78 ~7.69 346.09 17.55 (0.10) 17.52 (0.10) 92.05(1.32)  92.36 (1.32)
(0.20) (0.20) (0.20) (0.20)
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Fig. 5. Xylem function correlations for earlywood (left) and latewood (right) of living (upper) and dead (lower) trees. Blue lines show positive correlations and red
lines show negative correlations. Correlation strength is represented by line thickness Only significant correlations are shown (P < 0.05). See Table 1 for definition of
traits and abbreviations of variables. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

hydraulic failure risk (Hentschel et al., 2014; Petrucco et al., 2017), this
behavior is unlike to happened in a pine species adapted to arid envi-
ronments, such as P. canariensis (Brito et al., 2016). Instead, the drop of
iWUE (and concomitant increase in 13C02 discrimination), also found in
other drought-declined trees (Linares and Camarero, 2012), may reflect
limited carboxylation (Warren et al., 2011; Cano et al.,, 2014). As
513C, 004 was the only source of variation in iWUE among living and dead
trees represented in the simplified model for A3Ceedre (Se€ eq. (3)), any
process that affected post photosynthetic carbon discrimination differ-
entially in dead and in living trees could have changed 513Coo0ds
although not necessarily iWUE. We identify two complementary pro-
cesses that may reduce 6'°Cy,404 independently of iWUE that point also
to higher cumulative water stress in dead trees: i) higher use of
13G-enriched carbohydrate reserves synthesized in more humid years to
build-up new tracheid cell walls due to a decline in recent

photosynthates (Briiggemann et al., 2011; Sarris et al., 2013), and ii) a
reduction in the ratio of *C-enriched cellulose/hemicellulose to lignin
(Loader et al., 2003). However, both processes are unlikely to explain
differences in 6'%Cyo0q between living and dead trees because, on one
hand, most of carbon reserves would have been consumed by the time of
death (2013) and, on the other hand tree ring density (and likey lignin
synthesis) decreased over time in dead trees (Fig. 2).

4.2. Phenotypic integration and climate imprints on the xylem of living
and dead trees

The effectiveness of xylem adjustments in long term drought accli-
mation is limited by the activity of the cambium and by trade-offs be-
tween xylem functions. Cambium phenology of living and dead trees
seemed to be differentially affected by climate. In living trees,
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earlywood growth and earlywood hydraulic efficiency relied on pre-
cipitation of the previous winter, pointing to stored water in deep soil
layers, and stored photosynthates as crucial for radial growth at the
beginning of the growing season (Gessler et al., 2009; Rathgeber, 2017;
Rodriguez-Garcia et al., 2015). Conversely, earlywood growth of dead
trees was more sensitive to spring climate (Table S3), which could be
due to shallower soils and/or roots. Latewood water transport efficiency
and density, however, were more influenced by spring and summer
precipitation in living trees and by autumn precipitation in dead trees
(Table S3). This suggests that a significant amount of the carbon used for
cell-wall formation in the latewood was captured earlier in the growing
season in living trees than in dead ones, which may be crucial for sur-
vival of P. canariensis under conditions of severe summer drought (Brito
et al., 2010). Only if water availability in autumn increases,
P. canariensis can resume growth and use the carbon accumulated pre-
viously for latewood formation (Brito et al., 2016). Thus, a progressive
decline in reserves induced by drought or any other stress can make trees
more sensitive to water shortage and more likely to die from sustained
and/or severe climatic anomalies.

Two positive correlations between xylem functions were observed
for both earlywood and latewood of dead and living trees; one between
support and water transport safety, and other between growth and de-
fense. In conifers, both canopy support and implosion resistance require
high carbon investment in tracheid cell walls, which increases wood
density and in turn decreases water transport efficiency (Fig. 5; Hacke
et al., 2001; Pittermann et al., 2006; Sperry et al., 2006). The positive
correlation between growth and density of resin canals would reflect the
dependence of the defense system on the size and mobilization of carbon
stocks (Rodriguez-Garcia et al., 2014). Other correlations differed,
though, between living and dead trees. In dead trees, wider growth rings
showed a more efficient but less safe and dense earlywood xylem (Fig. 5;
Zadworny et al., 2019). Lower values of A3Cpeedie Were associated with
lower wood density, lower resistance to implosion and lower proportion
of cell walls in the latewood of living trees but in the earlywood of dead
trees (Fig. 7), reinforcing the hypothesis of a differential phenology and
use of water and carbon reserves between dead and living trees. All
together these results suggest that living trees responded to increasing
summer drought by producing a particular type of latewood, denser and
more resistant to implosion than that of dead trees. This distinctive
response lasted over several years after the 1990s drought, and was not
restricted to punctual annual events. Dead trees survived the
decade-long drought but remained permanently affected and could not
fully recover xylem functionality, suffering a progressive decline in
latewood density, which rendered them more sensitive to the severe
drought of 2011-2012. Differences between dead and living trees might
be genetic but we cannot discard that differences in rooting depth due to
microsite conditions were ultimately responsible of differences in vigor
(Petrucco et al., 2017).

5. Conclusions

We show that tree mortality in an arid environment was preceded by
lower growth, wood density and iWUE. These results can be used to
forecast mortality in drought-prone environments using tree cores, and
to retrospectively infer the physiological mechanisms involved. More-
over, our data suggest that even if trees can suffer from carbon limitation
during decades (as inferred from thinner tracheid cell walls and
decreasing latewood density), the ultimate cause of death after a severe
drought seems to be a generalized failure of a progressively weaker plant
hydraulic system.
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