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Abstract In order to understand the impact of drought
and intrinsic water-use efficiency (iWUE) on tree growth,
we evaluated the relative importance of direct and indirect
effects of water availability on secondary growth and xylem
anatomy of Juniperus thurifera, a Mediterranean anisohy-
dric conifer. Dendrochronological techniques, quantitative
xylem anatomy, and '*C/'2C isotopic ratio were combined
to develop standardized chronologies for iWUE, BAI (basal
area increment), and anatomical variables on a 40-year-
long annually resolved series for 20 trees. We tested the
relationship between iWUE and secondary growth at short-
term (annual) and long-term (decadal) temporal scales to
evaluate whether gains in iWUE may lead to increases in
secondary growth. We obtained a positive long-term corre-
lation between iWUE and BAI, simultaneously with a neg-
ative short-term correlation between them. Furthermore,
BAI and iWUE were correlated with anatomical traits
related to carbon sink or storage (tracheid wall thickness
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and ray parenchyma amount), but no significant correlation
with conductive traits (tracheid lumen) was found. Water
availability during the growing season significantly modu-
lated tree growth at the xylem level, where growth rates and
wood anatomical traits were affected by June precipitation.
Our results are consistent with a drought-induced limitation
of tree growth response to rising CO,, despite the trend of
rising iWUE being maintained. We also remark the use-
fulness of exploring this relationship at different temporal
scales to fully understand the actual links between iWUE
and secondary growth dynamics.

Keywords Basal area increment (BAI) - Intrinsic
water-use efficiency (WUE) - Juniperus thurifera -
Mediterranean climate - Xylem quantitative anatomy

Introduction

CO, concentration in the atmosphere has risen to approxi-
mately 30 % above preindustrial concentrations and is
likely to continue rising in the near future (IPCC 2013).
Increased atmospheric CO, concentrations have a direct

A. Arzac

Departamento de Biologia Vegetal y Ecologia, Facultad de
Ciencia y Tecnologia, Universidad del Pafs Vasco, Barrio
Sarriena s/n, 48940 Leioa, Bizkaia, Spain

A. Delgado
Instituto Andaluz de Ciencias de la Tierra (CSIC), 18100 Armilla,
Granada, Spain

V. Rozas

Laboratorio de Dendrocronologia, Facultad de Ciencias
Forestales, Universidad Austral de Chile, Casilla 567, Valdivia,
Chile

@ Springer


http://dx.doi.org/10.1007/s00442-014-2989-4

Oecologia

effect on plant growth (Korner 2000), as CO, is the source
of carbon for photosynthesis. Higher CO, levels therefore
enhance photosynthetic rates and the ratio of C assimi-
lated to water transpired, i.e. the intrinsic plant water-use
efficiency iIWUE; McCarroll and Loader 2004). In addi-
tion, CO, is the most important long-lived greenhouse gas
related to current global warming. An increase in atmos-
pheric CO, thus also affects plant carbon uptake indirectly,
through its impact on global climate (IPCC 2013). An
understanding of the direct and indirect effects of atmos-
pheric CO, concentrations on tree growth is critical in order
to predict ecosystem responses to ongoing, and expected,
CO, and temperature rises (Korner 2000).

A positive effect of rising CO, on plant iWUE, photo-
synthetic rate, and growth has been described (Norby et al.
2010; Dawes et al. 2013). Accordingly, worldwide increas-
ing iWUE reports have been described during the past cen-
tury (Saurer et al. 2004; Pefiuelas et al. 2011), although the
rate of increase is extremely variable and there is a trend to
reach a saturation-like asymptote (Waterhouse et al. 2004;
Peiiuelas et al. 2011). However, this increase in iWUE is
not clearly related to increasing tree growth rates. In fact,
tree growth has declined in some species, despite increases
in iWUE (Saurer et al. 2004; Pefuelas et al. 2011). Differ-
ent factors have been proposed to explain why increases in
iWUE may not be linked to higher growth rates: rising tem-
peratures (Linares and Camarero 2011), increasing drought
frequency and severity (Barber et al. 2000; Heres et al.
2013), herbivore effects (Speed et al. 2011), nutrient limi-
tation (Korner 2000), higher competition levels (Linares
et al. 2009), and physiological adaptations (Waterhouse
et al. 2004).

Direct and indirect effects of atmospheric CO, are espe-
cially relevant on Mediterranean-type ecosystems, where
tree species show a strong year-to-year growth and iWUE
variability (Maseyk et al. 2011). This annual variation
has been usually attributed to climatic constraints, mainly
drought, on carbon assimilation (Ferrio and Voltas 2005).
Notwithstanding, summer drought is one of the major
forces limiting tree growth, with its effects operating at
multiple functional and temporal scales (Pasho et al. 2011).
Some results suggest that year-to-year variability in iWUE
and tree growth may be responding to similar climatic con-
straints leading to a correlation between both parameters
(Andreu et al. 2008; Maseyk et al. 2011). Therefore, dis-
entangling the effect of climate on iWUE and secondary
growth is crucial to understanding plant response to a drier
climate. Focusing on the analysis of year-to-year variability
has been successful to isolate climate effect from other co-
occurring factors because it removes low to mid-temporal
collinearity with other potentially confounding factors such
as tree age (Bert et al. 1997), competition (Linares et al.
2009), or changes in nutrient levels (Koehler et al. 2012).
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This approach may provide information about how climate,
iWUE, and secondary growth interact at yearly scales, and
contribute to a better understanding of this high-frequency
signal in long-standing (decadal) trends between iWUE
and growth.

Xylem structure records life-time information on ana-
tomical adjustments to environmental conditions (Fonti
et al. 2010). The use of the high-frequency (annual) signal
in anatomical information may allow a better interpreta-
tion of the functional dependence of secondary growth
on iWUE. If the effect of iWUE is mediated by changes
in carbon availability (Galiano et al. 2011; Kilpeldinen
et al. 2007), we would expect that the patterns of carbon
gain reflected in iWUE would impact xylem characteristics
associated to carbon sink and storage, particularly cell wall
thickness and the amount of parenchyma. Moreover, under-
standing the combined influence of iWUE and secondary
growth on wood structure is desirable as anatomical vari-
ations may modulate xylem functional properties (Hacke
and Sperry 2001; Fonti et al. 2010), and minor changes in
anatomical traits may affect the ability of trees to cope with
constraints associated with environmental change.

Our aim was to evaluate the relative importance of direct
and indirect (mediated by iWUE) effects of water availabil-
ity on secondary growth and carbon allocation of Junipe-
rus thurifera L., a long-lived anisohydric conifer inhabiting
continental Mediterranean climate, where the growing sea-
son is constrained by drought (Camarero et al. 2010). We
compiled a detailed dataset comprising annually resolved
data for iWUE, secondary growth, and wood anatomy
(lumen diameter, wall thickness, and proportion of paren-
chyma) for 20 trees over a 40-year period. We used struc-
tural equation modeling (SEM) to analyze our data, since
SEM allows the assessment of simultaneous direct and
indirect causal effects among a given set of interrelated
variables (Grace 2006). Finally, we compared the relation-
ship between iWUE and secondary growth at short-term
(annual) and long-term (decadal) temporal scales to evalu-
ate whether gains in iWUE may lead to increases in sec-
ondary growth (Granda et al. 2014).

Materials and methods
Study species

Juniperus thurifera (Spanish juniper) is a long-lived ever-
green tree endemic to the western Mediterranean basin.
In our study area (see below), radial growth of this spe-
cies responds negatively to winter precipitation and posi-
tively to summer precipitation (Rozas et al. 2009; DeSoto
et al. 2012; Granda et al. 2013). Xylogenesis starts in early
May and ends in late October, with latewood comprising
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a small part of the ring (<4 %) and being formed in a dis-
tinct period starting in early August (Camarero et al. 2010).
Water availability during summer (June—July) is the main
factor determining earlywood lumen size and wall thick-
ness (Olano et al. 2012), whereas ray parenchyma abun-
dance mainly responds positively to May precipitation
(Olano et al. 2013b). Photosynthetic activity is maintained
all year round, and reaching a maximum during spring
(Gimeno et al. 2012).

Study area

The study area is a 3,300-ha woodland located at Sierra de
Cabrejas, 30 km west of Soria city, in northcentral Spain
(41°46’N, 02°49'W; 1,100-1,300 m a.s.l.). Parent rock is
Cretaceous limestone, and soils are calcium-rich and shal-
low. Juniperus thurifera forms an open woodland with
a mean density of over 300 trees ha~!, coexisting with
pines (Pinus sylvestris L. and P. pinaster Ait.) and Holm
oak (Quercus ilex L.). Climate is subhumid, continental
Mediterranean. Records of mean monthly temperature and
total monthly precipitation were obtained from the Soria
meteorological station (41°46’N, 02°28'W; 1,082 m alti-
tude, 30 km away from the study site) for the period 1965—
2004. Annual mean temperature is 10.4 °C, the coldest
month being January (mean daily minimum temperature
of —1.8 °C) and the warmest July (mean daily maximum
temperature of 28.1 °C). Average annual precipitation is
556 mm, with a summer drought period typically occurring
between July and August (Fig. 1a). Drought, considered as
precipitation amount in millimeters being lower than twice
the temperature value in Celsius, occurs in June in 50 %
of years, and in July and August in over 70 % of years
(Fig. 1b).

Sampling design

One stem disc at 1.3 m above ground was taken from
each of the 20 trees that had been felled during the win-
ter of 2004-2005, based on a regular sampling design
(for details, see Olano et al. 2008). These stem discs were
mechanically surfaced and then manually polished with a
series of successively finer grades of sandpaper until the
xylem cellular structure was clearly visible under a mag-
nifying lens. On each disc, two radii were selected along
sectors with more regular tree-ring growth, and tree-ring
sequences along these radii were dated with the help of a
robust chronology available for the same study site (Rozas
et al. 2009). Total ring widths were measured to the nearest
0.001 mm with a Velmex sliding-stage micrometer (Velmex
Inc., Bloomfield, NY, USA) interfaced with a computer.
The software COFECHA (Grissino-Mayer 2001) was used
to check the crossdating. As age and sex affect the response
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Fig.1 a Climatic diagram from Soria meteorological station for the
period 1965-2010. The dashed line represents monthly accumulated
precipitation and the continuous line indicates mean monthly temper-
ature. b Percentage of dry months (P < 2T) for the period 1965-2004

of J. thurifera to climate (Rozas et al. 2009), we chose ten
young (<150 year) and ten old (>150 year) trees, and a sim-
ilar, but not identical, number of male and female trees per
age class (six males and four females for young trees, five
per sex for old trees) to get a representative sampling of the
species response, avoiding any potential age- or sex-related
effect derived from skewed sampling. Basal area increment
(BAI) was used as a surrogate of secondary growth, as it is
a more biologically meaningful descriptor of growth trends
than ring widths (Biondi and Qeadan 2008). BAI was cal-
culated using the formula

BAI = 7 (rf—rf,]) (1)

where r is the tree radius and ¢ is the year of tree-ring
formation.

Anatomical parameters

A 5-mm-wide and approximately 1.5-cm-thick piece was
cut out from every disc along the best crossdated radius.
This piece was cut longitudinally in two halves to obtain
two replicates. One half was used for anatomical analysis
and another half was used for stable carbon isotope ratio
analysis. Cross sections thinner than 15 um were cut with a
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sledge microtome (H. Girtner/F. H. Schweingruber, WSL,
Birmensdorf, Switzerland) and then placed on a slide and
stained with Alcian blue (Alcian blue 1 % solution in ace-
tic acid) and Safranin (Safranin 1 % solution in ethanol),
which resulted in unlignified cells appearing blue and ligni-
fied cells appearing red. Afterwards, the thin-sections were
dehydrated using a series of solutions of increasing ethanol
concentration, washed with xylol, and then permanently
preserved by embedding them into Eukitt glue (Kindler
GmbH, Freiburg, Germany). Images of each annual ring
were captured with a Nikon D90 digital camera mounted
on a Nikon Eclipse 50i optical microscope with 200 x
magnification. When an annual ring could not be captured
in a single photograph, sequential images were merged
(PTGUI, ver. 8.3.10 pro, New House Internet Services
B.V., Rotterdam, The Netherlands). Image analysis was
performed with ImageJ (v. 1.44; http://rsb.info.nih.gov/ij;
W. Rasband, National Institutes of Health, Bethesda, MD,
USA).

Cell dimensions, including lumen radial diameter and
radial cell wall thickness, were measured for each trac-
heid along three radii per annual ring for a 40-year period
(1965-2004). Individual cells were assigned to earlywood
or latewood portions according to Mork’s index (Denne
1988). Measurements for cell dimensions were normalized
to standard numbers of cells (three for earlywood and one
for latewood) with the tgram package (DeSoto et al. 2011)
in R (R Development Core Team 2011). See more detailed
information on this procedure in (Olano et al. 2012). Per-
centage of parenchyma in wood rays was estimated as the
quotient between the area occupied by ray parenchyma and
the total ring area analyzed, according to the detailed pro-
cedure explained in (Olano et al. 2013b). As a result, we
obtained eight annually resolved chronologies for each
individual: number of xylem tracheids (NTra), three esti-
mates of lumen diameter (LUMI1, LUM2, LUM3), and
three of wall thickness (Walll, Wall2, Wall3), correspond-
ing to each third of earlywood, and lastly the percentage
of ray parenchyma (PERPAR). Latewood was not consid-
ered for this analysis as its contribution to final ring width
is negligible (<4 %).

Estimation of water-use efficiency

To assess annual changes in water-use efficiency of indi-
vidual trees, we evaluated their '*C/'’C isotope ratios
(3'3C) in wood from cross-dated annual tree rings from the
period 1965-2004 when atmospheric CO, levels rose from
322.13 to 380.41 ppm (data from Mauna Loa Observatory,
Hawaii). Earlywood from each of the annual rings of each
tree was separated with a scalpel under a binocular lens
and homogenized using a mill (Culatti MFC). Cellulose
was not extracted as several studies show good correlations
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between 8'3C in wood and cellulose, even at the intra-
seasonal level, and therefore both show similar relation-
ships related to atmospheric CO, and climate (Taylor et al.
2008; Roden and Farquhar 2012). The wood powder was
weighed into tin cups and combusted to CO, in an elemen-
tal analyzer attached to an isotope-ratio mass spectrom-
eter (Thermo Finnigan MAT 251). Results were expressed
as relative differences in '3C/'2C ratio of tree-ring wood
in parts per thousand (%o) relative to the standard V-PDB
¢BcC plant)- 6‘3Cplam was used to calculate isotopic discrimi-
nation (A; Farquhar and Richards 1984). We then calcu-
lated the intrinsic water-use efficiency (iIWUE; expressed in
pwmol of CO, per mol of H,0), using available data of s13¢
in atmospheric CO, and atmospheric CO, concentrations
(see McCarroll and Loader 2004 for a detailed description
of iWUE calculation).

Computation of standardized chronologies

In order to obtain robust chronologies of yearly variation
for the 20 raw individual time series, we standardized the
ten variables (iWUE, BAI, NTra, PERPAR, LUM1, LUM2,
LUM3, Walll, Wall2, and Wall3) using the ARSTAN pro-
gram (Cook and Holmes 1996). This program accom-
plishes a time series treatment to remove trends in the
values as well as different levels of temporal autoregres-
sion, leading to stationary and free from temporal autocor-
relation time series of the analyzed parameters. Trend was
removed following a two-step procedure; the series were
first fitted to a negative exponential or straight line, and
then to a cubic smoothing spline with a 50 % frequency
response of 20 years, which is flexible enough to reduce
considerably non-climatic variance (Helama et al. 2004).
Individual series for each of the 20 trees were combined
using a biweight robust mean to obtain a chronology for
each measured variable.

Structural equation modeling

Structural equation models (SEM) were used to evaluate
simultaneously the interrelations between climate, water-
use efficiency, secondary growth, and wood anatomy.
These models assess how well data support a set of hypoth-
esized causal relationships between different variables by
including both direct and indirect effects (Grace 2006). The
number of variables to be included in the model was con-
strained by sample size (n = 40 years), therefore we had to
reduce our set of variables. BAI and iWUE were included,
as well as June precipitation as a measure of water avail-
ability during the growing season (see Fig. S1 for the cli-
mate-growth relationships of the studied chronologies).
Alternative measurements to June precipitation, such as
accumulated May—July precipitation, evapotranspiration
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rates, or standardized precipitation evapotranspiration
indices (Vicente-Serrano et al. 2010) were explored, but
although they may be slightly higher correlated to some
individual variables, they did not improve the global expla-
nation of the studied variables. To detect collinearities
among anatomical variables, we used a correlation matrix
among the ten standardized chronologies. Highly corre-
lated variables may cause problems when estimating path
coefficients (Grace 2006), so we excluded NTra because it
was redundant with BAI. Measurements of lumen diameter
were also excluded because they did not show a relation-
ship to iWUE, BAI, or to any other anatomical variables.

Model specification

Based on existing knowledge, we hypothesized that water
availability during the growing season (June precipitation)
would exert an effect on iWUE, BAI, and on the first two-
thirds of earlywood cell walls that matured during that
period (paths from P June to iWUE, BAI, Walll and Wall2;
Camarero et al. 2010; Olano et al. 2012). It is important to
remark that carbon acquisition is previous to xylem forma-
tion and thus relations from iWUE to anatomical charac-
teristics and secondary growth are expected to be unidi-
rectional. The independence between growth-year lumen
diameters and iWUE supported that variations in iWUE
were expected to reflect carbohydrate gains (Galiano
et al. 2011), thus leading to changes in the different car-
bon sinks (paths from iWUE to BAI, PERPAR, Walll,
Wall2, and Wall3). Larger BAI means a larger conduc-
tive area, mainly due to an increase in the number of trac-
heids, thus probably leading to an increase in carbon gain
and more available resources to increase wall thickness
(Ponton et al. 2001). In our study area, tracheid expansion
occurs mostly during May and June, but tracheids are not
functional until the end of the maturation phase that may
occur much later in the season, from mid June to late July
(Camarero et al. 2010). Any potential effect of increase of
conductive area (larger BAI) in resource acquisition would
only be apparent at the end of the growing season in late
June and July, thus restricting its potential effects to pro-
cesses occurring after that period, namely wall thicken-
ing of the second (Wall2) and specially the third (Wall3)
thirds of the earlywood tracheids. An effect of wall thick-
ness on BAI is not probable because tracheid thickening
occurs after cell expansion, without a direct impact on
final tracheid size. Carbon stored in ray parenchyma (PER-
PAR) may be remobilized during the growing season and
invested in other carbon sinks, leading to paths from PER-
PAR to BAI, Walll, Wall2, and Wall3. Finally, tracheid
wall thickness was expected to show a strong temporal
covariation between different segments of the ring (dou-
ble-headed arrows between Walll, Wall2, and Wall3), due

to a common response to the environmental constraints
that control wall formation.

Endogenous variables met multinormality, and esti-
mation of model parameters was based on maximum
likelihood. The validity of the model was tested by the
goodness-of-fit index (GFI) and root mean square error of
approximation (RMSEA). GFI is independent of the esti-
mation method and ranges between 0 and 1, with values
above 0.90 indicating a good fit (Grace 2006). RMSEA is
based on predicted versus observed covariance, as a result
of it being less affected by sample size, and includes a cor-
rection for model complexity. RMSEA is less than 0.05 for
very good models (those with a close fit), less than 0.1 for
models that fit adequately, and greater than 0.1 for poorly
fitted models. Analyses were conducted with AMOS 18.0
(Arbuckle 2009).

Finally, in order to assess whether the relationship
between secondary growth and iWUE differed at contrast-
ing frequency domains, we correlated BAI with iWUE
raw values (mid to low frequency domain, decadal trends)
and BAI with iWUE standardized chronologies (high-fre-
quency domain, yearly variation).

Results

Tree age was 84 + 32 years (mean + SD) for young trees
and 224 =+ 45 years for old trees. The studied trees showed
low growth rates during the study period, with tracheid
lumen diameters decreasing along the tree ring (Table 1).
Radial wall thickness, however, was rather uniform along
the earlywood, ranging from a maximum of 3.58 £ 0.59
(mean + SE) pm in the mid part of the earlywood to a
minimum of 3.46 £ 0.60 pm in the final part (Table 1).
Mean correlation between trees () was very high for
iWUE, very low for PERPAR, and intermediate for the rest
of the variables (Table 1). First-order autocorrelation val-
ues (AC1) were low for iWUE and Wall2, and very low for
the other variables. Expressed population signal (EPS) was
very high for iWUE, high for BAI and NTra, and moderate
for the other variables, with the exception of PERPAR that
had a very low value.

Highly significant negative correlations of iWUE with
BAI, Wall2, and Wall3 were found, marginally significant
with PERPAR and LUM?2 (Table 2). BAI and NTra showed
a very strong correlation (r = 0.937, p < 0.001), indicat-
ing that annual variability in BAI respond largely to vari-
ation in the number of tracheids, both parameters being
redundant. BAI also showed a positive correlation with
PERPAR, Wall2, and Wall3. PERPAR was positively corre-
lated with Wall2 and Wall3, and wall thickness values were
also inter-correlated in the different portions of the annual
ring. Lumen diameters showed significant correlations

@ Springer
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Table 1 Summary statistics

i 8 Parameter (units) Acronym Mean £ SD AC1 EPS

for standardized chronologies

based on 20 Juniperus thurifera Bagal area increment (mm? year™") BAI 407 £381 0241 —0.082  0.870

;‘;‘E‘;:f;‘glgsgglg ,nen Number of tracheids NTra 3930071 0286 —0027 0.884
Intrinsic water-use efficiency (umol C mol H,0™!) iWUE 112+ 11 0.784  0.151 0.986
Ray parenchyma area (%) PERPAR  6.67£1.89 —-0.002 -0.047 —0.038
1st Earlywood third radial wall thickness (um) Walll 3.55 £0.58 0.070 0.078 0.600
2nd Earlywood third radial wall thickness (um) Wall2 3.58 £0.59 0.070 0.125 0.600
3rd Earlywood third radial wall thickness (um) Wall3 346 £0.60 0.115 -0.031 0.722

7, Mean correlation between 1st Earlywood third radial lumen diameter (um) LUMI1 16.23 £ 3.08 0.085 0.057 0.666

trees, ACI first-order 2nd Earlywood third radial lumen diameter (um)  LUM2 1471 £2.80  0.128 0.034  0.746

autocorrelation, EPS expressed 3.4 parjywood third radial lumen diameter (um) ~ LUM3 1173 +4.51 0057 0014  0.508

population signal

Table 2 Pairwise Pearson’s BAI  NTra iWUE PERPAR WALLI WALL2 WALL3 LUMI LUM2

correlations between the ten

standardized Juniperus thurifera NTra 0.937 - _ _ _ _ _ _ _

chronologies iWUE ~ —0.577 —0529 - - - - - - -
PERPAR 0.344  0.249 -0.300 - - - - - -
Walll 0.225 0.256 -0.174  0.275 - - - - -
Wall2 0.605 0.613 —0.573  0.566 0.498 - - - -
Wall3 0.537 0.563 —0.468 0.368 0.349 0.574 - - -

Coefficients in bold are LUMI 0.082 0.016 —0.195 0.001 —0.137  0.002 0.051 - -

significant at p <0.001, LUM2 0274 0.108  —0.302 0.032 —-0.093 —0.151 —0.024 0.748 -

underlined atp <0.01, and in LUM3 0060 —0085 —0.107 —0.066 —0.124 —0.140 0209 0531 0.678

italic at p < 0.05

Table 3 Path coefficients of total, direct, and indirect effects of variables used in the SEM

P June iWUE BAI PERPAR
Total Direct Indirect  Total Direct Indirect  Total Direct  Indirect  Total Direct  Indirect

iWUE —0.349  —0.349  0.000 - - - - - - - - -

BAI 0.482 0319 0.162 —0.464 —0.403 —0.061 - - - 0.202  0.202 0.000

PERPAR 0.105 0.000  0.105 —0.300 —0.300  0.000 - - - - - -

Walll 0.395 0.381 0.014 —0.040  0.039 -0.079 - - - 0262  0.262 0.000

Wall2 0.336 0.059  0.277 —-0.516  —0.262 —0.253 0302  0.302 0.000 0438 0377 0.061

Wall3 0.265 0.000  0.265 —-0.426 —-0.203 —0.223 0362  0.362 0.000 0.255  0.181 0.073

Direct effects are path coefficients shown in Fig. 2. Note that total is the sum of direct and indirect effects. In bold are direct path effects signifi-

cant at p < 0.05

between them, but were independent of any other variable
considered.

SEM provided an excellent overall fit for our data set
(Fig. 2). The significance of x? estimate was greater than
0.05 (df = 3, x> = 0.181, p = 0.981), with GFI being
greater than 0.90 (0.999) and RMSEA being lower than 0.1
(0.000). The percentage of variance explained by the model
was large for BAI (46 %), Wall2 (57 %), and Wall3 (36 %).
The model revealed a simultaneous presence of direct paths
from June precipitation to iWUE, BAI, and Walll, but not
on Wall2. iWUE had significant negative paths on BAI,
PERPAR, and Wall2. BAI had significant positive paths on
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Wall2 and Wall3. PERPAR had a significant positive path
on Wall2 and an only marginally significant path on Walll.
Only the covariance between Walll and Wall2 was signifi-
cant. June precipitation also exhibited indirect effects on all
endogenous variables except iWUE (Table 3), remarkably
on Wall2 and Wall3, mediated by iWUE, BAI, and PER-
PAR, and on BAI mediated by iWUE. iWUE had a strong
negative indirect effect on Wall2 and Wall3 mediated by
BAI and PERPAR.

BAI and iWUE raw values showed an increasing trend
along the study period (Fig. 3a), and were highly posi-
tively correlated (r = 0.537, p < 0.001). BAI and iWUE
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A
B
Yep R2=0.12 R2=0.46
B -0.40%*
........ iWUE + mmn ’{ BAI
0.36*

P,,: 0.981 O
GFI: 0.999 44+ 0.26
RMSEA: 0.000 Wall1 }&P‘ Wall2 Wall3

Fig. 2 Hypothetical structural equation model (a) for climate (P
June), intrinsic water-use efficiency (iWUE), basal area increment
(BAI), and xylem anatomy (percentage of ray parenchyma—PER-
PAR—and wall thickness—Walll, Wall2, Wall3) and fitted model to
the data (b). Single-headed arrows indicate causal relationships, and
double-headed arrows indicate covariation. Numbers in paths indi-
cate standardized regression weights. Positive effects are indicated by
solid lines and negative effects by dashed lines. Arrow widths are pro-
portional to path coefficients. R? explained variance for each endog-
enous parameter. *p < 0.05, **p < 0.01

standardized indices (Fig. 3b), on the other hand, showed a
strong negative correlation (r = —0.577, p < 0.001). These
results suggest that, while the long-term trend was similar
between both parameters, the high-frequency inter-annual
variation of BAI and iWUE showed the opposite pattern.

Discussion

SEM analysis allowed to disentangle complex annual inter-
actions between climate, iWUE, secondary growth dynam-
ics, and wood anatomical characteristics in the Mediterra-
nean tree J. thurifera. Water availability during the growing
season affected BAI, iWUE, and several anatomical vari-
ables. Annual variation of iWUE showed a strong negative

correlation with BAI that remained even after controlling
the effect of their common response to June precipita-
tion. Yearly variation in secondary growth and iWUE was
strongly related to xylem anatomical variables related
to carbon sink or storage, pointing to an effect of iWUE
on xylem anatomy mediated by changes in carbohydrates
availability (Galiano et al. 2011; Kilpelédinen et al. 2007).

Water availability regulates gas exchange at the leaf
level, with dry conditions usually leading to more water-
efficient stomatal behavior (Ferrio and Voltas 2005; Andreu
et al. 2008). On the other hand, higher water availability
during the growing season may exert a positive effect on
the role of xylem as a carbon sink through increased cam-
bial cell division rates (Camarero et al. 2010), higher cell
expansion (Von Wilpert 1991), longer wall maturation
times (Cuny et al. 2013), and a longer growing season (Eil-
mann et al. 2011). Our results support that water availabil-
ity exerts a (partially) independent effect on these parame-
ters as pointed out by the maintenance of direct paths from
June precipitation to iWUE, Walll, and BAI, with BAI
closely related to the total tracheid number in the tree ring.

A negative relationship between the high-frequency
(yearly) variation of iWUE and secondary growth has
already been reported in the literature (Andreu et al.
2008; Maseyk et al. 2011). Even if a significant amount
of C-acquisition might occur prior to ring formation, the
influence of iWUE on BAI included the synergistic effect
of an iWUE-mediated impact of June precipitation on BAI,
and a direct effect on iWUE that was independent of June
precipitation. This is supported by the lower value of the
path coefficient between June precipitation and BAI com-
pared with the correlation coefficient (0.31 versus 0.47).
Drought induces stomatal closure and decreases photo-
synthetic rates even in anisohydric species such as J. thu-
rifera (McDowell 2011), suggesting that high-frequency
improvements in iWUE may be linked to reductions in
stomatal conductance to water vapor, hence reducing water
loss, rather than to higher photosynthetic rates (Linares and
Camarero 2011). Thus, the negative relationships between
high-frequency iWUE and BAI variation could be inter-
preted as a direct impact of reduced carbon assimilation on
secondary growth, as was also recently shown by (Galiano
et al. 2011). This result would be supported by the negative
impact of iWUE on other carbon sinks, such as ray paren-
chyma abundance and tracheids’ wall thickness (Wall2).
Interestingly, iWUE did not show any significant correla-
tion with lumen diameters, thus reinforcing our hypothesis
of a carbon-mediated impact of iWUE on xylem anatomy.
However, it should be also taken into account that we esti-
mated iWUE values (i.e., a leaf-level process) from wood
8!3C, while fractionations from leaf to trunk could also
affect wood carbon isotope signal (Helle and Schleser
2004; Offermann et al. 2011).
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Carbon allocation to different xylem structures and func-
tions is subjected to trade-offs that regulate the differential
investment among cellular elements (Chave et al. 2009),
which may lead to negative correlations among them, for
example denser xylem versus larger growth rate. In our
case, these trade-offs did not occur, as was shown by the
strong positive correlations between BAI, PERPAR, and
radial wall thickness. During favorable years, junipers built
wider rings showing numerous tracheids with thicker walls
and abundant storage tissue. This pattern agrees with the
observed response of drought-stressed P. sylvestris in an
experimental study, in which irrigation led to wider annual
rings and thicker tracheid walls (Eilmann et al. 2010,
2011). This would suggest that constraints for resource
allocation among carbon sinks and reservoirs were over-
ridden in importance by the inter-annual variation in water
availability and photosynthetic rates. This means either that
under favorable conditions more carbon is supplied to all
xylem compartments, or that there is no internal competi-
tion, but rather coordination, among carbon sinks. This sec-
ond hypothesis would imply that the different sinks are pre-
vented from carbohydrates deprivation as long as there are
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sufficient resources. The negative impact of water-use effi-
ciency on radial wall thickness suggests that when drought
induces an increase in iWUE, the role of xylem as a carbon
sink may be minimized, with an associated reduction in
secondary growth rate.

The maintenance of direct significant relationships
between secondary growth rates and wall thickness, even
after controlling for the effect of June precipitation, sug-
gests that additional functional mechanisms, not directly
related to climate, may promote these positive interac-
tions. The influence of BAI on tracheid wall thickness var-
ied along the annual ring, with no effect in the first third
of earlywood, and a strong effect in the last third. This is
congruent with our hypothesis that a larger BAI implies
more tracheids and higher conductive area in conifers, and
this positive effect would only occur after tracheid matura-
tion, being only remarkable for the final parts of the ring.
Larger xylem conductivity increases resource acquisition,
triggering higher carbon investment in secondary growth
and higher growth rates (Tyree 2003; Ze-Xin et al. 2012;
Olano et al. 2013a). The robust path between BAI and
Wall3 diminishes the chance of results being influenced
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by confounding climatic effects. Remarkably, this effect
is maintained even when July climatic conditions are con-
sidered (data not shown). However, the strong positive cor-
relation between BAI and iWUE raw values was coupled
to a significant negative correlation between their high-
frequency inter-annual variations, as previously found for
other drought-constrained conifers (Rathgeber et al. 2011).
Furthermore, the positive effect of PERPAR on wall thick-
ness might be interpreted as a consequence of the remobi-
lization of carbohydrates stored in ray parenchyma later in
the growing season in order to contribute to current xylem
maturation. The decrease of this effect in the late early-
wood might correspond to a more prominent role of the
carbohydrates stored in the parenchyma in maintaining
water conductive safety during the summer drought (Salleo
et al. 2009).

Decadal trends of iWUE and secondary growth are con-
gruent with the highly positive response of J. thurifera sec-
ondary growth to increased iWUE already reported for this
species in a nearby locality (Granda et al. 2014), and are
in agreement with predicted higher responsiveness of scle-
rophyllous species to CO, levels (Niinemets et al. 2011)
and recent increase in climatic sensitivity in J. thurifera
(Rozas and Olano 2013). However, the strong positive cor-
relation between BAI and iWUE raw values was coupled
to a significant negative correlation between their high-
frequency inter-annual variations, as previously found for
other drought-constrained conifers (Andreu et al. 2008; Eil-
mann et al. 2010). Standardized (annual variability) iWUE
rates were negatively associated with carbon fixation levels,
suggesting that enhanced iWUE caused a reduction in both
leaf conductance and photosynthetic activity.

A positive long-term (decadal) correlation between
iWUE and BAI, simultaneously with a negative short-term
(yearly) correlation between the same variables, provides
robust evidence that explains deviations from the projected
CO,-induced growth enhancement. Our results are con-
sistent with a drought-induced limitation of tree growth
response to rising CO,, despite the trend of rising iWUE
being maintained. Thus, even under a scenario of gradual
CO, increase, increased iWUE may not compensate for the
detrimental effect of more frequent and intense droughts
(Linares and Camarero 2011; Heres et al. 2013; Perry et al.
2013).

This work reveals the complex set of interactions
between climate, iWUE, secondary growth dynamics,
and wood anatomical characteristics occurring under a
drought-constrained Mediterranean environment. Water
availability during the growing season significantly modu-
lated tree growth at the xylem level, where all stages of
xylogenesis were affected by June precipitation. Robust
negative relationships of standardized yearly iWUE values
with all carbon sinks (secondary growth, wall thickness,

and amount of ray parenchyma), and the absence of sig-
nificant relation between iWUE and lumen parameters,
support the idea that an increase in water-use efficiency
was simultaneous with a decline in carbon fixation in the
xylem. Although our results support an effect of water
availability and atmospheric CO, on secondary growth, it
should be taken into account that carbon gain depends on
multiple factors, including temperature, atmospheric vapor
pressure deficit, and nutrient availability, among oth-
ers. Furthermore, since iWUE is a ratio, the relationship
between iWUE and BAI may be a consequence of changes
in either photosynthetic rates, transpiration rates, or both.
Thus, we cannot quantify which of both factors plays a
more relevant role in determining secondary growth and
xylem anatomy, since a reduction in secondary growth
could respond to a proportional decline in carbon gain,
but it also might be related to shifts in carbon allocation
patterns.

Our results do not preclude the positive long-term effects
of CO,-induced iWUE increases on secondary growth, but
remark the need to explore this relationship at different
temporal scales to fully understand the actual links between
iWUE and secondary growth dynamics.
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