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Abstract

A deep understanding of how climate models tregdrdwlic system is nowadays lacking,
which is intriguing under the ongoing process ahatic change. To the best of our knowledge,
no systematic correlation of tracheid’s anatomidahtures has been implemented in
Mediterranean ecosystems where climatic changepsoted to be particularly intense. We
measured ring widths and the intra-ring positiomén size, and wall thickness of tracheids in
ten Juniperus thurifera individuals from north-central Spain, and we parfed an exploratory

analysis of their correlations with climatic varied in the period 1965-2004. Cell number and
ring widths shared a quite similar climatic signahereas anatomical variables provided a
differentiated and diverse signal on the climatoditions during their formation. Earlywood

and latewood structure were controlled by differéattors. Tracheid anatomical variables
improved our understanding of climate effects @® tygrowth and wood formation under harsh
environmental conditions as in Mediterranean camial climates, where limiting factors shift

from low temperatures to water deficit several sraéong the year.
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I ntroduction

The potential of crossdating to unequivocally relahnual tree rings to calendar years confers
tree rings a great value as an accurate proxyeoetivironmental conditions that affected tree
vigor and performance previous to and during thirmation (Fonti et al. 2010).
Dendrochronology was initially founded on tree-riwglth, a variable that constitutes a good
measure of plant investment in secondary growth astnual resolutionSchweingruber 1996
Although ring width is widely used in dendrochroogical research, the range of parameters
characterizing annual rings and susceptible to basared and used as environmental proxies
has notably increased during last decades, induiitia- and inter-annual variations of wood
density Rigling et al. 2002; Bureau et al. 2Qp€ontent of chemical elementsvak et al.
2010, stable isotope compositiorivi¢Carroll and Loader 2004 and anatomical features
(Panyushkina et al. 20p3Consequently, the amount of information retrief®m annual tree
rings has progressively increased and conferredirdehronological techniques a prominent
role in the reconstruction of past environmentatdittons (Hughes et al., 20);Land in the
understanding of plant-environment relationshipsmfra historical perspective-i(its 1976;
Schweingruber 1996

Xylem anatomical features are the result of a comige between competing demands for
support, storage and transport of water and métabolunder changing environmental
conditions and subjected to primary anatomical taitds ¢weifel et al. 2006Chave et al.
2009. The interest of wood quantitative analysis,, itee discipline that deals guantitatively
with xylem anatomic features along series of anmimas, has mostly been focused on the
hydraulic architecture, given the capital role gfexn as a conductive system, and since the
relationship between anatomical and functional atigristics of conductive elements are
relatively well known $perry 2003 Lumen size determines hydraulic conductivitysirch a
way that small increases in diameter of conductidnents lead to major gains in hydraulic
conductivity, as described by the Hagen-Poiselale (Eilmann et al. 201)1 However, larger
lumen sizes also imply higher vulnerability to ¢ation (Tyree and Zimmerman 20Q2and
consequently, lumen diameter is the result of det@if between increasing efficiency and
decreasing safety in water conductivity (reviéw Hacke and Sperry 2001)n addition,
vulnerability to cavitation relies on the mechah&aength of conduits, so conductive elements
showing a thicker cell-wall provide with higher egf to hydraulic transport system at the

expense of higher carbon investmeitscke and Sperry 2001; Pitterman et al. 2006

Quantitative xylem anatomy provides large amoufitsif@rmation per annual ring, including
cell position, cell number, cell size, lumen sizell-wall thickness, and wall-to-lumen ratio

(Fonti et al. 201D Temporal variation of xylogenetic phases detassi xylem anatomic
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characteristics, which consequently bear sequeimiafmation on environmental conditions
controlling cambial activity and cell growth thrdumut the growing season\feifel et al. 2006;
Eilmann et al. 2011)Additionally, anatomical features of conductiviereents are fixed at
different phases of the differentiation processnircambial to xylematic cells, with cell size
being fixed during cell-expansion phase, and wadlkness being fixed along the cell-maturing
phase Rossi et al. 2006 How specific environmental signals at differéntes along the active
period did influence cell size and wall thicknesdifficult to be established. Our knowledge
about xylogenetic processes is currently expand@gnuels et al. 2006; Rossi et al. 2008;
Vaganov et al. 20)1thus improving our ability to estimate the tigewhich cell features are

fixed based on its intra-ring position (Garcia-Gilez and Fonti 2006).

Continental Mediterranean climate is doubly resitricto plant growth, since growth is limited
by cold in winter and drought in summer, which kead two split optimal growth periods in
spring and autumn, when a favorable combinatiomitd temperatures and water availability
occur (Mitrakos 1980; Garcia-Plazaola et al. 1p9Xylogenetic studies on conifers under
Mediterranean conditions corroborate these expentgtwith a temperature-linked onset of
cambial activity in spring, and a reduction or ewsssation of xylogenesis along summer,
followed by a cambial resumption in autunive(Luis et al. 2007Camarero et al. 2010%uch
double-stress results in a shifting response oérmybrowth to temperature, from positive in
spring to negative in summer, and a generalizedip®sesponse to summer rainfall¢zas et
al. 2009; Vieira et al. 2009Nevertheless, our understanding of how Mediteaa trees adjust
their xylem anatomy to inter- and intra-annual aemin climatic conditions is still scarce.
Existing information suggests that tracheid sizpdsitively related to water availability during
the cell formation phaseVieira et al. 2009;DeSoto et al. 2091 but to the best of our
knowledge, no systematic correlation of trachemisatomical features to climatic conditions
has been established in Mediterranean environmé&ush information is relevant, since it
contributes to our understanding of physiologicda@ations of Mediterranean trees to
changing climatic conditions, and also becauseoamatl features can host climatic signals that
are complementary to those encoded by tree-rinthwi(Kirdyanov et al. 2003 anyushkina et

al. 2003, thus being potentially useful for climatic restmictions.

In order to improve our knowledge of how xylem amaical traits are controlled by climate
variations in a Mediterranean environment, andviauate its potential usefulness as climatic
proxies, we performed an exploratory study in whicty widths, and the intra-ring position,
lumen size, and wall thickness of tracheids, wereasared in tenJuniperus thurifera
individuals, and correlated with climatic variablaong the period 1965-2004. Our specific
aims were a) assessing whether there is a clinségical in tracheid anatomical traits, b)

checking whether anatomical variables contain sintlimatic signals to those of ring width,
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and c) evaluating the potential of anatomical $rait provide with additional environmental

information aiding to reconstruct past climate undentinental Mediterranean conditions.

Methods
Sudy species

Juniperus thurifera L. is a long-lived tree endemic to the western Mgthnean basin, with its
most important populations growing under continem&diterranean climate in Spain and
Morocco. Dendroclimatic studies on the speciesciaugi that radial growth is mainly affected by
winter rainfall, spring temperature and summer wateess Bertaudiere et al. 1999; Rozas et
al., 2009; DeSoto 20)0In our study area, the xylogenetic cyclelafhurifera is known to start
in early May and extend until late October, andwaiod formation is known to initiate in early

August Camarero et al. 20)0

Sudy area

The study area is a 3,300 ha woodland locatedeataSde Cabrejas, 30 km west of Soria city,
in north-central Spain (41°46, 02°49W; 1,100-1,300 m altitude). Parent rock is Cretaseo
limestone and soils are calcium-rich and shalldwniperus thurifera forms open woodlands
characterized by a mean density of over 300 tre€sihtermingled with pinesRinus sylvestris
and P. pinaster) and holm oaks Quercus ilex). Climate is continental Mediterranean,
characteristic of the supra-Mediterranean beleintal SpainRivas-Martinez and Loidi 1999
Climatic data on mean monthly temperature and totahthly precipitation for the period
1964-2004 were obtained from Soria meteorologitatios (41°46N, 02°28W; 1,082 m
altitude). The coldest month is January, showimgean minimum temperature of —1.8°C, and
the warmest one is July, showing a mean maximunpeeature of 28.1°CHig. 1). Mean

monthly rainfall ranges from 29.2 mm in August &%mm in May.

Dating tree-rings, measuring anatomical features and computing chronologies

We obtained stem discs at 1.3 m above-ground otgrofrees that had felt along 2004-2005
winter (seeOlano et al. 200dor details). Stem discs were mechanically sudaaad then

manually polished with a series of successivelgrfigrades of sandpaper until xylem cellular
structure was clearly visible under binocular l€Bg. every stem disc, two radii were dated by
assigning calendar years to rings based on thdifidation of characteristic ring sequences

(Yamaguchi 199), and with the help of a previous robust chronglég the same siteR(0zas



et al. 200). Total ring widths were measured to the neare®®X mm by using a Velmex
sliding-stage micrometer interfaced with a computoftware COFECHA Grissino-Mayer

2001) was used to quantitatively check the cross-dagmgrs.

A 5 mm-wide piece was cut out of every disc alohg best cross-dated radius, to obtain
permanent histological preparations following Scimgeuber and Poschold (2005). Sections
thinner than 15 pm were cut by means of a sledgerotoime ¢ H. Géartner / F.H.
Schweingruber), placed on a slide and stained withaf Blue (Alcian Blue 1% solution in 0.7
N HCI) and Safranin (Safranin 1% water soluble)joiresults in unlignified cells appearing
blue and lignified cells appearing red. Sectionsenafterwards dehydrated along a series of
ethanol at increasing concentrations, washed wiglol xand permanently preserved by
embedding them into Eukitt® glue. Images on evenyual ring were captured with a Nikon D-
90 digital camera mounted on a Nikon Eclipse 5@icap microscope with x200 magnification.
Pixel size was 0.272 pm. When an annual ring cooldbe captured in a single photograph,
sequential images were merged (PTGUI software wer8.3.10 pro). Image treatment was

performed with Image-J v.1.44 software (availabienip://rsb.info.nih.gov/ij developed by

Wayne Rasband, National Institutes of Health, Bslhe MD), including blue channel

selection, contrast enhancement and median filter.

Lumen radial diametei-(JM), cell wall thickness\{/AL), tracheid radial diamete€L), and
wall-to-cell radial diameter\/{/C) were measured for each tracheid along three padiannual
ring (Figure 2A). Cells were assigned to earlywawdatewood according to Mork's index
(Denne, 198 When latewood like cells occurred in earlywoodvice versa, the earlywood-
latewood boundary was defined after a detailedyarsabf the ring; this procedure was only
necessary in 0.2% of the cells. Measurements wemmalized to standard numbers of cells
(three for earlywood and one for latewood) by usihg tracheidogram method&/gganov
1990), with tgram packageDeSoto et al. 20)1in R environmentR Development Core Team
2017). Earlywood was standardized to only three cefisaacompromise between keeping
maximal temporal homogeneity in cell formation witheach standardized cell-class and
obtaining intra-annual information among classesa/Aesult, we obtained tracheid-size related
parameters that corresponded to the average tdachetach earlywood fraction. Earlywood
and latewood growth occurs in split periodsa(narero et al. 20),0and latewood comprises a
much lower number of cells than earlywood. Consetiyelatewood was standardized to one
cell. Cell number for earlywoodC(NEW), latewood CNLW), and total ring CNR) for each
year and tree was obtained after averaging theesatalculated for each radius. Ring width of
earlywood (RWEW), latewood RWLW), and total ring width\WT), were measured on the

same radii used for previously mentioned measurénen



Each raw series of anatomical features and widdssstandardized with the ARSTAN software
(Cook and Holmes 1996). Earlywood and whole-rintatesl series were fitted to spline
functions characterized by a 50% frequency respohs® yr, which was flexible enough to
reduce the non-climatic variance by preserving {iigquency climatic informationC(ook and
Peters 198)l Latewood related series showed a very slow diegitrend in low-frequency
variation, and were standardized simply by dividearh series by its mean value. Residuals
were prewhitened by autoregressive modeling, thb&iming dimensionless indices that
represent independent, annual records for eaabssdiine year-by-year arithmetic mean of time

series of standardized indices was calculated taib chronology for each measured variable.

Data analysis

In order to evaluate whether the 22 obtained cHogies (see Table 1 for chronology listing
and acronyms) shared the same information, a pahciomponent analysis (PCA)ggendre
and Legendre 1998was performed with the vegan packagekganen et al. 20)0in R
environment R Development Core Team, 201PCA aimed to extract a series of orthogonal
components expressing the variance contained insetrof growth- and anatomy-related
variables (egendre and Legendre 1994 scatter plot of the weighting coefficients fbe first
two PCs displayed clusters of variables with similaformation. Pearson’s correlations

between pairs of chronologies were calculated.

In order to identify those climatic factors relatexdthe indexed chronologies for the period
1965-2004, Pearson’s correlations were conductéd monthly temperature and precipitation
records from previous November to current Augustefarlywood related parameters, and from
previous November to current October for latewood a&hole-ring parameters. A multiple
regression was afterwards performed between chogied corresponding to each measured
parameter and monthly temperature and precipitatoords; variables were included in the
model according to the Wald’s forward stepwise pthae. The cut-off value for inclusion in
the model was 0.05, and 0.1 for excluding a preslioincluded variable. Analyses were
performed with PASW Statistic v. 18 softwa®(9. Chicago: SPSS hc

Finally, we used structural equation models (SEM) dglobally model climatic factors
determining earlywood tracheids’ size, including tequential effects of previous tracheids’
size. In spite of their strong potential, applioatiof this technique in the context of
dendrochronology is still scarce (but see Lupile2@10). These models assess how well data

support a set of hypothesized relationships amditgatic and anatomical parameters by
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including both direct and indirect relationshipsiofido et al. 2003; Grace et al. 2010
According to multiple regressions, five climatieegictors were included in the model: February
and April temperatures, and March, June and Julpfalh Endogenous variables met
multinormality, and estimation was based on maxiniikelihood estimates. Validity of the
model was tested by Goodness-of-Fit Index (GFI) d@dot Mean Square Error of
Approximation (RMSEA). GFl is independent of esttroa methods, and ranges between 0 and
1, with values above 0.90 indicating good fita(laka 198) RMSEA is based on predicted
versus observed covariances, being less affecteséimple size, and including a correction for
model complexity. RMSEA is less than 0.05 for vgood models (close fit), less than 0.1 for
models that fit adequately, and larger than 0.1 goorly-fitted models. Analyses were
conducted by the procedure AMOS 5/0k{uckle 2003.

A multiple regression following previously describenethodology was performed to assess
whether climatic signals recorded in different angital parameters may be used together to
improve our ability to reconstruct climate. Moreesjically, June rainfall was modeled against
the indexed chronologies GfAL1, WAL2 andCEL2.

Results

Tree ring widths crossdated satisfactorily, wite@ge correlation of RWT chronology with the
previously available master chronology of 0.5p3:(0.001). Tree age ranged from 71 to 111 yr
(mean = SD, 86 + 4 yr); cambial age at 1.3 m rarfgeah 40 to 68 yr (55 + 3 yr). Chronologies
for tree-ring widths and cell humbers in the taialy and the earlywood showed moderately
high values of SNRrand climatic R (Table 1), but chronologies for latewood showed,ve
low statistics and a weak climatic signal. The mesamsitivity of the series, however, is similar
among tree ring compartments, being higher for yeembd and lowed for latewood.
Chronology statistics for tracheid and lumen diargtwall thickness, and wall-to-cell ratios
were considerably lower than for ring widths andl ceimbers. Noticeably, the statistical
quality of anatomical variables was higher in thel 2nd 3rd parts of the earlywood, than in the

1st part of the earlywood and the latewood.

A total of 44,131 cells from 1,191 cell rows wereanured. An average of 101.16 cells for
earlywood and 11.26 cells for latewood were measper ring and tree. Latewood comprised
9.2% of the total number of tracheids within a ritgit only 3.9% of total tree-ring width.
Average tracheid size decreased along the ring #®M9 pum for the first third of earlywood to
6.31 um for latewoodT@ble 1, Figure 2)3 Radial diameter of lumen followed a similar partt,
also showing an abrupt reduction in the transifrom earlywood to latewood. Wall thickness

showed small changes along earlywood and a smalledse (16.6%) from earlywood to
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latewood. Contribution of wall-to-tracheid size alsh doubled from the third part of earlywood

to latewood.

Chronologies ordination

The first PCA axis explained 58.10 % of the varané¢ anatomical and width variables, and
showed a clear distinction between earlywood artdl twee ring, for both width and cell
number, from the other anatomical parameters @Agy. The second PCA axis explained 29.16
% of the variance, and differentiated latewood nathber and width from the rest of variables.
Interestingly, cell humber and width chronologidsared almost the same information, as
shown by the high correlations between both chiagiek for earlywoodrf = 0.92), latewood
(r?= 0.84) and total ringr{= 0.95), all of them significant at 0.001 level.eTtlose position of
earlywood and total ring width in cell-number chotogy is probably a consequence that
earlywood represents 96.1% of total ring width, 2@.8% of total number of cells. Anatomical
parameters related to tracheid size, wall thicknassl wall-to-cell ratio showed a clumped
distribution in the lowest values of both PCA axagjgesting that their chronologies may share
similar climatic signals, but different from celumber and width chronologie&i@. 3A). In
order to assess the relationships between thoderaical parameters within a tree ring, a
separate PCA was performed, with the first two R&&s comprising 61.88% of the variance
(Fig. 3B). Wall-to-cell ratio showed a separate positiontta# top of the diagram, while
earlywood lumen and cell-size parameters appedréek dottom of the diagram, close to each
other. This pattern is consistent with the highrelations between earlywood tracheid lumen
and size 1= 0.95,p < 0.001), suggesting that both parameters shacedanon environmental
signal. Wall thickness, however, showed an inteiatedposition between tracheid size and
wall-to-cell ratio. Latewood tracheid size, lumamesand wall thickness were isolated at the
right of the diagram, suggesting also a particelavironmental signal differentiated from the

other anatomical variables.

Climatic control of wood anatomy and radial growth

Cell number in both the complete ring and the ealyd were positively correlated to April
temperature and July rainfall, and negatively dategl to winter rainfall, since previous
December to current March (Fig. 4). Regression nsodeduced the number of significant
variables to precipitation in July (positive), Dadger (negative), and February (negative),
overall explaining near 38% of cell number varia(icable ). Climate-growth relationships for
earlywood and total tree-ring widths were quiteiEimto their corresponding cell numbers.

Earlywood and total ring widths showed negativer@ations with winter rainfall, and positive
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correlations with summer rainfall and April tempera. Regression models for earlywood and
total ring widths reduced the number of significaariables to April temperature (positive,
earlywood), and precipitation in June (positivetalp previous December (negative, total),
February (negative, both), and March (negativdyeaiod). Overall, these variables explained
higher variance for ring widths than for cell numb&2.4% for earlywood width, and 45% for
total ring width. Latewood cell number was inveyselorrelated to previous December
temperature, and latewood ring width was directyrelated to June temperature. Regression
models for latewood-related parameters were pdbear for earlywood and total ring ones, and
included a negative effect of previous Decemberpemature on cell number, and a positive
effect of June temperature on width. These modgitamed 18.6% of total variance in the case

of latewood cell number, and 29.9% in the casatefwood width (Table 1).

Earlywood tracheid diameters were positively catiesdl to February temperature and negatively
correlated to March rainfall (Fig. 5.EL2 was positively correlated to June rainfall and iApr
temperature and negatively correlated to June teahype. July temperature showed a negative
effect on CEL3, whereas June and July precipitation showed aip@sgffect, and August
temperature exerted a positive effect ©n . Percentage of total variance explained by
multiple regression models was low foiEL1 (12.4%), but high folCEL2 (41%) and

(24.9%) and again low for (14%) (Table ). Climate-growth models for earlywood
lumen diameter were almost identical to trachemhditer models, but the explained variance
was lower, except for LUMLW that showed an additbbmegative effect of November

temperature, with a total explained variance 0626 (-ig 5, Table ).

Earlywood wall thickness was positively correlatedrainfall during its formation, shifting
from June for WAL1 and WALZ2 to July for WAL3. Thanél part of the earlywood had also a
negative signal of previous November-December teatpee and precipitation. Latewood wall
thickness (WALLW) was positively related to Octolsamfall, and all anatomical variables of
LW showed significant positive relationships withugust temperature. Regression models

reveled significant effects of the same variablevipusly mentioned (Table 1, Fig 5).

Wall-to-cell ratios showed no significant correteis for WC1, whereas/C2 was positively
correlated to March rainfall (r = 0.3f < 0.025), WC3 was correlated to both previous
November (r = 0.35p < 0.025) and current October rainfall (r = 0.86< 0.025). Finally,
WCLW was positively correlated to July rainfall (r =39, p = 0.016). The parameters included
in regression models only differed for WCLW, sirare additional negative effect of February

temperature was observed, with a total explaineidnee of 27.6%.

SEM model provided a good overall fit for our daet (Fig. 6). Probabilities of chi-square
estimates were greater than 0.05 (df =65 17.930,p = 0.328), GFI was over 0.90 (0.909)
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and RMSEA lower than 0.1 (0.056). Power of the nhodas mainly due to the robust
sequential relationship between earlywood tracteitheters. Second (CELZ2) and third (CEL3)
tracheid diameters were strongly dependent on {i@EL1) tracheid diameter. Tracheid
diameter was affected by different climatic factdmsoughout the ringCEL1 increased after

warm February, whereaSEL2 and CEL3 were positively affected by June and July rainfall
respectively. March rainfall effect o8EL2 and CEL3 was non-significant, whereas April

temperature showed a significant positive effectan 2.

Multiple regression model for June rainfall wasHygsignificant (df = 37F = 11.879,p <
0.001), and include@€EL2 (t = 3.124,p = 0.003) and/VAL1 (t = 3.002,p = 0.005), but not
WALZ2, since its information was redundant with thaCafL2 (partial correlation with June P;

= 0.23,p = 0.15). The simultaneous use of two proxies reduih an important gain in
explained variance after using this regression m&im:erzadj increased from 22.3% to 35.8%,

with a relative increase of 60.5% from the besglgirestimator.

Discussion

Tracheid anatomical features provide informaticat tteflects environmental conditions during

xylogenesis, and particularly during the cell-exgian and cell-maturation phases, expressing
with high temporal resolution the shift in the ditic signal throughout the complete period of
formation of a tree ring. Information retrieved frcanatomical features was unrelated to that
present in ring width chronology. Contrastinglyll eember-based chronologies were strongly
related to ring-width ones. Thus, the combined afseell numbers and tracheid anatomical

features inJuniperus thurifera significantly improved our capacity to assess amubel the

effects of limiting climatic conditions in contineth Mediterranean environments.

Climatic control of anatomical features

The range of variation of the measured anatomieatufes is strongly constrained by their
functionality and, thus, the observed low sengitiaf anatomical variables, in comparison to
ring widths, could be previously expected. Howewnall variations in wood anatomy may
show both a strong impact in xylem properties, andgignificant dependence on climate
variability. Nevertheless, quality control statistiof the anatomical chronologies were also
reduced in comparison with ring width-based chrogws, particularly for wall thickness and
wall-to-cell ratio. This result might suggest thacheid-based chronologies should be based in
larger sample depths to attain similar reliabildyring width-based chronologies, which imply a

huge effort in comparison to the measurement ofy rimidths usually performed in

11



dendroclimatic studies. The suitability of the measl anatomical parameters needs to be
carefully evaluated, since previous studies hawewshthat, even with very low inter-tree
correlations and common signals, strong and sodimdatic responses can be found in
anatomical variablesY@sue et al. 2000 A reason for the weak common signal in these
variables may be due to the low inter- and intdivitlual variability of these, in comparison to

ring widths.

Our results highlight that tracheid size at the itnieigg of xylogenesis depends on the
conditions during late winter, with larger trachemccurring after a warmer February. A strong
signal of climatic conditions previous to the onsédtthe growing period and negatively
influencing the size of conductive elements hasaaly been described in ring-porous trees, and

has been interpreted as an increasing sensitivibtyerwintering cambial derivates by fostering

e
[}
\

the reactivation of auxin carriers ). Since tracheid size is highly correlated
within the earlywood along a radial file, the cliticasignal influencing tracheid size at the
beginning of the xylogenesis is maintained along Whole earlywood, probably leading to
spurious correlations of cell size with Februarynperature and March rainfall along the
complete earlywood. Tracheid size is also contdobg conditions during the cell-expansion
phase, which occurs during a brief period immedjatellowing cell differentiation Gricar
2009. Tracheids expand sequentially, which leads tengporal shift in the climatic conditions
recorded by cell size during the expansion phake.t&émporal shift is displayed by the climatic
responses for CEL1, CEL2 and CEL3, with rainfaleefs on cell size moving from June in the
second segment of the earlywood to July in theltbilgment. This timing is in accordance with
previous knowledge on the phenology of earlywoadtieid enlargement fdr thurifera, which
occurs from May to Julydamarero et al. 20).0The absence of significant effect of rainfall on
cell formation in the first segment of the earlywlamight be related to the relatively low water
stress that characterizes May when such cellsoaneetd. Water deficit conditions in May occur

just in 5% of the years, compared to 50% in Jurte78%6 in July.

Two complementary mechanisms may explain, at Ipastially, the critical role of water
availability for cell size. Firstly, since cell gor is associated with water supply during the-cell
expansion phase, cell enlargement could be maiméytd a direct effect of short-term water
availability (Kramer 1964; Von Wilpert 1991Secondly, since plants respond to water strgss b
enhancing abscisic acid (ABA) production, an indireffect of water availability on cell size
mediated by fitohormones is also likely (exgong et al. 200p. ABA is involved in controlling
the size of xylem conductive cells by blocking #otion of indole-3-acetic acid (IAA), which in
turn is responsible for tracheid expansioiite and Savidge 1997 Although the details of the
mechanisms involved in the process of cell expanare still under discussioivdganov et al.

20117), it would lead to an optimum adjustment of thetaulic system to water availability.
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Similarly, wall thickness was also controlled byndtduly rainfall, but there was a minor delay
in the timing, since in the early earlywood wasrelated to June rainfall, whereas in the late
earlywood it was affected by July rainfall. Suametlag could be related to the fact that cell-
maturing phase in our study area, including watlkéning, initiates immediately after full cell
expansion, which typically occurs during June amg {Camarero et al. 20).0Although final
lumen size is fixed at the same time than wall kivkss, earlywood lumen diameter
chronologies and climatic response were almostticknto those corresponding to tracheid
diameter Fig. 5. This may be related to the fact that lumen di@mef earlywood cells is
closely linked to tracheid diameter=£ 0.98,p < 0.001,n = 44,131), but shows little correlation
to wall thicknessr(= 0.19,p < 0.001,n = 44,131), which suggests that cell size, butthet

thickness of its wall, is determined during celparsion phase.

Juniperus thurifera, as other evergreen Mediterranean conifers, i® @bl maintain the
photosynthetic activity during the whole yeaaicher 200). Trees accumulate carbohydrates
in winter that are stored and subsequently allacébeearlywood formation in spring, after
cambial reactivationKagawa et al. 2006 Seasonal variation of carbohydratesJumiperus
thurifera stems is coherent with this hypothesis, with resesi being accumulated during
winter and subsequently depleted at the start tdgenesis Camarero et al. 2010, DeSoto
2010. The observed climate-growth relationships sugdleat cambial activity is strongly
affected by winter conditions, particularly rairffalnce December to March. The number of
cells is higher after dry winters, a fact that Heeen previously interpreted as the effect of
cloudy and snowy conditions during wet winters, antdsequent reduction of both maximum
daily temperatures and solar radiation received tiy trees, which results in reduced
photosynthetic rates and cambial activityeGoto 2010; Rozas et al. 200A prolonged
growing season caused by an earlier onset of xgkegje resulting from warm April conditions,
and improved division rates resulting from rainynsoer conditions Camarero et al. 20)0

may also determine total cell number and ring wadth

A certain degree of dissimilarity in the climatigmal shown by earlywood and latewood
chronologies was expected, given the distinct plogyoof their xylogenesis (see

). Nevertheless, the strong differential signalesieed is related to a dramatic change in
the factors controlling tracheid development, shngna shift from a positive control of water
availability during June-July in earlywood, to asfiive control by August-September
temperature in latewood. This relationship mighérsesimilar to that observed in alpine
environments, where latewood formation is limitgdstimmer temperature, with cool summers
leading to “light rings”, almost completely constiéd by earlywood&indl 1999; Yasue et al.

2000; Wang et al. 2002Nevertheless, our results dnthurifera are not comparable, since
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temperature exerts a positive effect both on waitkhess and lumen size which does not

necessarily lead to “dense” rings.

Results on latewood parameters should be intexpreilh caution due to the low inter-annual
and inter-individual variability that suggest theed of a much larger sample depth than used in
this exploratory study. A potential interpretatisrthat our results reflect the different nature of
latewood in junipers compared to other gymnosperinsthurifera showed a very low
percentage of latewood in annual rings and watktess barely varied along the complete tree
ring. Both evidences suggest that latewood may Igimgsult from a reduction of tracheid
enlargement at the end of growing season, more dhiane differentiation of a particular cell
type characteristic of the latewood, as it is usmaither conifersi.e. with considerably higher
wall thickness of latewood than earlywood celis{ )OUsually, earlywood hasa.

11 times the specific conductivity of latewood aumulto 90% of the total water flow occurs
through the earlywood, but latewood has a lowenerdbility to embolism playing a strong role
on hydraulic security{ )ZIn addition, latewood shows higher density
and a key structural function, its formation catugiing a sink for carbohydrates, since it

requires a continuous supply of energy either fretorage tissues or produced by

photosynthesis ({ )2 However, the small size af. thurifera trees, with a
maximum height of about 11 m in the study siteod )P the high specific
conductivity and low vulnerability to embolism @ iearlywood \( ), and the

exiguous carbohydrate availability in a very resive environment, may reduce the need for

these latewood functions, explaining the reduceeld@ment of latewood in this species.

Potential of anatomical features as climate proxies

In accordance with our findings, a close link bedwéree ring width and cell number has been
previously described for gymnosperm tree speciesdory 1971; Qaarero et al., 1998Ring
width can be interpreted as resulting from the doatiobn of cell number, determined by the
rates of cambial activity, and cell size, deterrdiriring the process of cell expansion, and
therefore it should encode similar information katt encoded by both parameters. Relative
strength of tracheid number and size in determiiag ring width may be species- or even
context-dependeni/(ang et al. 2002; Panyushkina et al. 200 our case, the low variability
found in tracheid diameters as compared to cellbmincaused the observed close relationship
between cell number and ring width chronologies], lagtween their respective climatic signals.
Therefore, a separate analysis of climatic signellsted to cell number and tracheid diameter

provided a more powerful tool to understand trematic sensitivity of wood structure than

14



solely tree-ring width chronologies. Moreover, thizalysis allowed to obtain a higher number
of climatic proxies, but also several proxies floe same climatic parameter, that may be used
together {/leko et al. 198)) The diversification of biological proxies of tifent nature allowed

to improve the power of models calculated to penfalimatic reconstructions, as has been
shown in the present work for June rainfall, with additional 13.5% of explained variance

when the anatomical variables were accounted for.

Lumen diameters and wall-to-cell ratios generalipwg a direct functional meaning related to
xylem hydraulic properties, such as conductivity resistance to implosionT{ree and
Zimmerman 200 Consequently, they constitute standard measursnie ecophysiological
studies (acke and Sperry, 20p1which have been recently incorporated in deranadic
studies on conifersFEnti et al. 201)) Nevertheless, since these parameters result fnem
combined effects of two separate xylogenetic pree®s namely tracheid expansion and
maturation, interpretation of their link to partigu climatic parameters is complex. In this
sense, the use of tracheid diameter and wall teekriseems more straightforward, since they
respond to prevailing climatic conditions duringllcexpansion and maturation phases,
respectively. Consequently, we suggest that the afséhese or other simple anatomical
parameters could be appropriate to evaluate tha-ggasonal climatic influence on anatomical
features during xylogenesis. In this respect, the of climatic variables with a more short
temporal resolution than standard records of mgnihte series given by the meteorological
stations would probably be promising. The inclusiwihderived variables, such as lumen
diameter or wall-to-cell ratios, should be accostphid in the context of adequate statistical
techniques, such as structural equation modeNimgre the additive effect of different climatic
parameters on these features throughout cell ekpaaad wall thickening can be satisfactorily

incorporated.

Standardization through the tracheidogram methdowal tree rings with different cell
numbers to be comparablégganov 199)) However, cambial activity initiation, intensignd
duration can show strong yearly, intra-annual, eweh inter-individual variabilityL(upi et al.
2010) Thus, standardization to a common number of delés not ensure that cells in the same
position have been formed simultaneously. In spitea previous, accurate knowledge of
xylogenesis in our study species, this uncertaimtyeases as the number of standardized cells
does. The number of standardized cells is a compeotnetween the required intra-annual
temporal resolution and the temporal homogeneity the within-ring cell position.
Consequently, the number of standardized trachieidenerate from raw data is a key aspect in
climatic studies of anatomical features. The optmmumber will depend on the specific goals

of the study, and should be kept low enough to juae a high within-standardized tracheid
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temporal homogeneity if the goal is assessing ¢érgaowth relationships or obtaining a

reliable proxy for climatic reconstruction.

Conclusions

The combination of anatomical features, cell hunaet ring width data depicted the existence
of a multiplicity of factors controlling secondagrowth under a Mediterranean continental
climate. Winter conditions, mainly due to negatieiects of rainfall-related conditions on
cambial activity rates, determine the pattern ofbchydrate accumulation before cambial
activity onset, affecting final ring widths Late ntr temperature serves as a cue for initial
tracheid size and warm spring temperature detesriine onset of cambial activity. Cambial
activity and intensity, as well as earlywood tradhend wall size are positively related to early
summer rainfall, whereas latewood tracheid and weatures are positively controlled by late
summer temperature. Our exploratory study showsstheng potential of anatomical-based
chronologies to improve our understanding of climaffects on growth and tree ring formation
under really complex situations as in Mediterraneamtinental climates where multiple control
factors shift along the year. Moreover, our abildyreconstruct past climatic time series may be
greatly enhanced by using novel climatic proxied particularly by the existence of multiple
uncorrelated biological proxies of the same climg@érameters. Further research should focus
on confirming and validate a general applicabilitf tracheid-based chronologies in
Mediterranean environments. Finally, our study fagites the potential use of SEM models in

the context of dendrochronology.
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Figure 1. Climatic diagram from Soria meteorologgtation for the period 1944-2010.
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are proportional to path coefficients. Numbershia paths indicate standardized path
coefficients. Asterisks indicate significance lsvé p < 0.05 **p < 0.01. U indicates
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Table 1: Summary of the statistics calculatedHierring-width, cell number and anatomical
variables in the mean chronologies calculated fremtrees in the common period 1965-2004.
SNR: signal-to-noise ratio; mamean sensitivity:,f. mean between trees correlatiord; R
climate: proportion of variance explained by climafter a multiple regression.

Parameter Acronym M ean+SD SNR ms, I bt R? climate
Ring-width
Total RWT  6.52+3.46 mm 2.946 0.187 0.228 0.424
Earlywood RWEW mm 3.405 0.231 0.254 0.450
Latewood RWLW 2.49+1.57 mm -0.103 0.177 -0.017 99.2
Cell number
Total CNR  cells 3.873 0.174 0.279 0.377
Earlywood CNEW cells 3.728 0.185 0.272 0.376
Latewood CNLW cells 0.162 0.167 0.016 0.186
Tracheid diameter
Earlywood 1st part CEL1 18.19+2.87 um 1.323 0.037 0.117 0.124
Earlywood 2nd part CEL2 16.93+2.69 um 1.738 0.043 0.148 0.410
Earlywood 3rd part CEL3 14.13+2.33 um 2.167 0.043 0.178 0.249
Latewood CELW 6.31+1.38 um -0.220 0.052 -0.023 0.140
Lumen diameter
Earlywood 1st part LUM1  14.82+2.74 um 1.123 0.044 0.101 0.115
Earlywood 2nd part LUM2  13.56+2.49 pm 1.393 0.049 0.122 0.275
Earlywood 3rd part LUM3  11.01+2.01 pum 1.620 0.050 0.139 0.134
Latewood LULW 3.49+0.92 um -0.396 0.058 -0.041 66.2
Wall thickness
Earlywood 1st part WAL1 3.38+£0.66 um 0.001 0.043 .000 0.230
Earlywood 2nd part WAL2 3.371£0.66 pm -0.447 0.028 -0.047 0.204
Earlywood 3rd part WAL3 3.1240.59 um 0.547 0.046 .052 0.383
Latewood Lww 2.82+0.63 um 0.376 0.052 0.036 0.219
Wall to cell ratio
Earlywood 1st part WwC1 0.24+0.06 0.302 0.051 0.029 0.000
Earlywood 2nd part wcC2 0.25+0.06 —-0.248 0.040 28.0 0.126
Earlywood 3rd part WC3 0.29+0.05 -0.036 0.034 69.0 0.103
Latewood LwwcC 0.45+0.05 —-0.198 0.028 -0.020 0.276
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