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ABSTRACT 23 

Understanding how climate affects xylem formation is critical for predicting the impact of future 24 

conditions on tree growth and functioning in the Mediterranean region, which is expected to face 25 

warmer and drier conditions. However, our knowledge of climate constraints on growth processes at 26 

different temporal scales is still fragmentary. 27 

We investigated wood anatomical characteristics and carbon stable isotope composition in 28 

Mediterranean Pinus pinea L. along tree-ring series at intra-ring resolution to assess xylem formation 29 

processes and responses to intra-annual climate variability.  30 

Xylem anatomy was strongly related to environmental conditions occurring a few months before and 31 

during the growing season, but not affected by summer drought. In particular, the lumen diameter of 32 

the first earlywood tracheids was related to winter precipitation, whereas the size of tracheids produced 33 

later was influenced by mid-spring precipitation. Diameter of latewood tracheids was associated to 34 

precipitation in mid-autumn. In contrast, tree-ring carbon isotope composition was mostly related to 35 

climate of the previous seasons. Earlywood was likely formed using both recently and formerly 36 

assimilated carbon, while latewood relied on carbon accumulated many months prior to its formation. 37 

Our integrated approach provided new evidence on the short-term and carry-over effects of climate on 38 

bimodal xylem formation in Pinus pinea. Investigations on different variables and time scales are 39 

necessary to disentangle the complex climate influence on tree growth processes under Mediterranean 40 

conditions. 41 

 42 

  43 
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INTRODUCTION 44 

In most terrestrial biomes, climate seasonality strongly influences plant physiological processes 45 

controlling secondary growth, therefore affecting global carbon cycles (Graven et al. 2013, Frank et al. 46 

2015, Wagner et al. 2016). Tree growth mostly occurs during the warm season in temperature-limited 47 

environments, and during the wet season in dry regions. However, under Mediterranean climate, there 48 

are usually two favorable seasons within the year: the first after the relatively cold winter, and the 49 

second after the warm dry summer (Thompson 2005). Growth of Mediterranean trees is therefore 50 

subject to a double constraint, i.e. low winter temperature, especially in the Northern Mediterranean 51 

Basin and at high elevation, and summer drought, more severe in semi-arid regions and at low 52 

elevation (Olano et al. 2013, Voltas et al. 2013). Increased understanding on how Mediterranean trees 53 

cope with these climatic factors is critical for forecasting future forest development in this region. On 54 

the one hand, increasing spring and summer droughts (Giorgi and Lionello 2008) could threaten 55 

forests, which would be replaced by shrublands (Sánchez-Salguero et al. 2012). On the other hand, 56 

milder winter and reduced competition of less drought-adapted species might promote future 57 

distribution for Mediterranean taxa in central and southern Europe (Hanewinkel et al. 2013). 58 

Tree-ring width analyses over the last decades have contributed to improving our knowledge on growth 59 

responses to yearly environmental variability of many Mediterranean species (Tessier et al. 1994, 60 

Cherubini et al. 2003). Nonetheless, the typical annual time frame is a too coarse resolution to fully 61 

describe the complex growth process of Mediterranean trees (Wilkinson et al. 2015). Besides the winter 62 

dormancy, in most species secondary growth strongly decreases or rests during dry periods, causing a 63 

separation between spring and autumn xylogenesis (Camarero et al. 2010), and the formation of intra-64 

annual variations in the xylem structure known as intra-annual density fluctuations (IADFs) (Campelo 65 

et al. 2007, Battipaglia et al. 2016a, De Micco et al. 2016). Investigation of such intra-annual growth 66 

patterns clearly requires intra-ring analyses.  67 
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In addition to tree-ring width analysis, other approaches could retrospectively investigate the climate 68 

influence on tree growth, such as the measurement of tree-ring isotope ratios. Trees respond to limited 69 

water resources, as during dry Mediterranean summers, by reducing their stomatal conductance and 70 

photosynthetic rate. These physiological changes trigger variations of isotope fractionation during CO2 71 

uptake and fixation in the leaves, and subsequent carbon isotope composition of the organic matter 72 

(Saurer et al. 2004, Granda et al. 2014). Stable isotope ratios in tree rings can therefore be used to 73 

obtain retrospective information about the influence of drought on growth. However, such tree-ring 74 

isotope ratios merge information on tissues formed in different periods of the year and therefore 75 

hampers the precise time match between pattern and process (Porté and Loustau 2001). This is 76 

particularly critical for Mediterranean conifers, where wood formation usually results from two stages 77 

of cambial activity separated by a summer rest (Camarero et al. 2010, Vieira et al. 2015, Pacheco et al. 78 

2016).  79 

Over the last years, different research techniques have provided valuable information on short-term 80 

growth variability of Mediterranean trees and shrubs. These include the intensive monitoring of stem 81 

radial variation (Sánchez-Costa et al. 2015), the assessment of cambial phenology (Vieira et al. 2017), 82 

the measurement of xylem anatomical traits (De Micco et al. 2012, Carvalho et al. 2015) and stable 83 

isotopes within tree rings (on tree-ring sub-sections, Klein et al. 2005, in continuum by laser ablation, 84 

Battipaglia et al. 2014). However, due to intrinsic methodological constraints, these investigations have 85 

been always limited to very few years, preventing any inference on the long-term inter-annual climate 86 

variability on tree growth. 87 

In this study, we aim to provide a comprehensive and temporally detailed understanding of climate 88 

influence on xylem formation in Pinus pinea L. (Italian stone pine or umbrella pine), a conifer species 89 

widely distributed in the north-western Mediterranean Basin (Abad Viñas et al. 2016). We used two 90 

approaches: first, we assessed 13C/12C isotope ratios in the earlywood and latewood of tree rings. This 91 
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should provide information on the climate influence on seasonal water use of trees (Livingston and 92 

Spittlehouse 1996), but also on how carbon reserves are used for wood formation in different periods of 93 

the growing season (Helle and Schleser 2004, Gessler et al. 2014). Second, we quantitatively 94 

examined, at intra-ring level, xylem anatomical traits along tree-ring series. As xylem structure can 95 

record the weather conditions influencing its formation (Fonti et al. 2010), by relating xylem 96 

anatomical traits to intra-seasonal climate variability, we aimed to infer the climate influence on 97 

xylogenetic processes (Castagneri et al. 2017).  98 

Our main hypotheses were: (1) xylem formation in P. pinea is mainly affected by water availability 99 

throughout the growing season, i.e. from spring to autumn, (2) tracheid size, as a result of the water-100 

sensitive cell enlargement phase (Hsiao 1973), is more affected by water availability than tracheid 101 

number and cell-wall thickness, (3) climate affects differently earlywood and latewood isotopic 102 

composition. 103 

 104 

MATERIALS AND METHODS 105 

Study area, climate and sample collection 106 

The study area is a P. pinea plantation within the Castelvolturno Natural Reserve (40°57’N, 13°59’E, 8 107 

m a.s.l), close to the Tyrrhenian seashore in Southern Italy. It is located on stabilized dunes of alluvial 108 

deposits and loose siliceous-calcareous sand from the recent Quaternary (Esposito et al. 1999). Calcaric 109 

Arenosols are characterized by low water holding capacity (weight difference between water-saturated 110 

and dried soil equals 36%) and low content of nitrogen and organic carbon (0.51% and 13.8%, 111 

respectively) (Rutigliano et al. 2004). Trees are around 60 years old, with diameter at 1.30 m above 112 

ground of 40 ± 11 cm (mean ± SD), and height of 14 ± 1 m (Battipaglia et al. 2016b). The understory 113 

consists mainly of shrubs such as Asparagus acutifolius, Phyllirea angustifolia, Rhamnus alaternus. 114 

Climate is typical Mediterranean, with a dry period between June and August (Fig. 1). Precipitation is 115 
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quite abundant (801 mm year-1) and mainly concentrated in autumn and winter (Grazzanise 116 

meteorological station, 10 m a.s.l., about 10 km from the study area, period 1984-2013). Mean annual 117 

temperature is 15.5 °C, with a peak in August (24.3 °C). However, during wintertime, minimum 118 

temperature can occasionally drop below zero. 119 

In December 2014, we selected 20 not suppressed and undamaged trees. Three cores were extracted 120 

from each stem with a 5 mm increment borer, one for dendro-anatomical and two for isotopic analysis. 121 

 122 

Tree-ring analyses 123 

Tree-ring width was measured to the nearest 0.01 mm using a LINTAB table fitted with a stereoscope 124 

and equipped with TsapWin software (Rinntech, Heidelberg, Germany). To ensure correspondence 125 

between each annual ring and the calendar year of its formation, the 20 ring-width series were first 126 

visually and then statistically cross-dated using COFECHA software (Holmes 1983).  127 

Analyses on tree-ring anatomy were conducted on ten cores, avoiding samples with visible defects such 128 

as nodes or missing parts. The cores were divided into 4-5 cm long pieces and put in boiling water for 129 

10-15 minutes to soften the wood. The samples were cut perpendicular to the axially oriented xylem 130 

cells with a rotary microtome (Leica RM2245, Heidelberg, Germany) using Feather N35 blades 131 

(Feather Safety Razor Co., Ltd., Osaka, Japan). Transversal sections (12 µm thick) were stained with 132 

safranin (1% in distilled water) and fixed on permanent slides with Eukitt (BiOptica, Milan, Italy) (von 133 

Arx et al. 2016). The sections were scanned using a D-sight 2.0 System (Menarini Diagnostics, 134 

Florence, Italy) at 100× magnification, with a resolution of 1.99 pixels/µm. The images were then 135 

processed with the image analysis software ROXAS v3.0 (von Arx and Carrer 2014, Prendin et al. 136 

2017) which provided the lumen size, cell-wall thickness, and relative position within the dated annual 137 

ring for each of the >700,000 measured tracheids. The analysis was performed on the rings 138 

corresponding to the period from 1984 to 2013. 139 
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To separately analyse tracheids formed during successive periods over the growing season, they were 140 

assigned to different parts or sectors of the ring (Castagneri et al. 2017). First, we objectively separated 141 

earlywood (EW) from latewood (LW) along the tree-ring radial axis using a Mork’s index value of 1 as 142 

a threshold (Mork 1928, Denne 1989) (Fig. 2). Then, the earlywood of each ring was divided into 10 143 

sectors of equal relative width, and each earlywood tracheid was assigned to the corresponding sector 144 

based on its relative position within the ring. The same scheme was applied to the latewood, but here 145 

we applied just five sectors. We used twice the number of sectors in the earlywood, as it was 146 

approximately twice the width of the latewood. For earlywood, latewood, and for each sector 147 

separately, we assessed the mean radial cell-lumen diameter (LD, µm), the mean thickness of the 148 

tangential cell wall (CW, µm), and the mean radial cell diameter that includes both lumen and wall 149 

thickness (CD, µm). We also measured the tracheid number (Nm) for earlywood and latewood 150 

separately, standardized to a tangential width of 1 mm to account for size differences in the images 151 

collected (Castagneri et al. 2015). 152 

To assess inter-annual variability of xylem traits, we (1) removed the size/age trends commonly 153 

observed in xylem traits (Carrer et al. 2015) by fitting all anatomical series with a cubic smoothing 154 

spline function with 50% frequency cut-off of 30 years, (2) computed the ratio between the observed 155 

and fitted values to obtain detrended series (Cook and Kairiukstis 1990), (3) averaged the detrended 156 

series from the 10 trees by bi-weight robust mean (Cook 1985) to build the mean anatomical 157 

chronologies, using the R package dplR (Bunn 2008). 158 

 159 

 δ
13

C in tree rings
 

160 

Isotopic analyses were performed on five increment cores (McCarroll and Loader 2004). Each tree ring 161 

of the 1984-2013 period was split into earlywood (EW) and latewood (LW) with a razor blade under a 162 

dissection microscope. Each section was milled with a centrifugal mill (Retsch, Haan, Germany), a 163 
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fraction of a few milligrams was packed in porous bags and used for cellulose extraction (Boettger et 164 

al. 2007, Battipaglia et al. 2008). The C stable isotope was measured at IRMS-SUN Laboratory 165 

(Caserta, Italy) by continuous-flow isotope ratio mass spectrometry (Delta V Advantage, Thermo 166 

Electron Corporation, Bremen, Germany). 167 

Stable isotope ratios were expressed as per mill (‰) deviations using the δ notation relative to the 168 

Vienna Pee Dee Belemnite (VPDB) standard. The accuracy of the analyses (SD of working standards) 169 

was 0.03‰. The δ13C series were corrected for the Suess Effect (decrease in δ13C of atmospheric CO2 170 

since the beginning of industrialization) resulting from the emission of fossil carbon dioxide, which is 171 

depleted in 13C (Francey et al. 1999, McCarrol and Loader 2004). The corrected series were used for all 172 

the successive analyses. 173 

 174 

Statistical analysis 175 

To assess anatomical trait variations within the 15 sectors of the rings, one-way ANOVA was applied 176 

to each anatomical parameters. Tukey’s pairwise comparisons were applied to identify significant 177 

differences in the sector mean values while Student’s t test was adopted to assess differences between 178 

mean anatomical parameters, length, and δ13 C, in EW and LW. Data were log-transformed to achieve 179 

homoscedasticity and normalize residual distribution, when necessary. 180 

Principal Components Analysis (PCA) was applied to evaluate common inter-annual variability shared 181 

among EW and LW anatomical and isotopic chronologies from 1984 to 2013. PCA was calculated on 182 

the correlation matrix, considering that the mean and variance of anatomical and isotopic data were not 183 

comparable, and followed by varimax rotation. 184 

The presence of a potential carry-over effects of the previous-year parameters was assessed by 185 

computing the correlations among all EW and LW anatomical and isotopic parameters of the previous 186 

year against those of the current year. 187 
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Climate influence on isotopic and anatomical chronologies was quantified by correlating EW, LW, and 188 

the 15 sector chronologies with maximum and minimum temperature, and precipitation. In order to 189 

evaluate the long-term climate influence, Pearson’s correlations were calculated at seasonal level, from 190 

spring of the previous year to autumn of the ring formation year (21 months). More detailed analyses 191 

were undertaken from November of the previous year to November of the current year (13 months) by 192 

calculating correlations with climate over 21, 31, 41, 51, and 61-day windows moving at daily steps. 193 

The window length providing the highest and most stable correlations was then considered. 194 

Precipitation sums were aligned to the end of the window to account for accumulation, while means of 195 

maximum and minimum temperature were aligned to the center of the window. All analyses were 196 

implemented in R (R Development Core Team 2016). 197 

 198 

RESULTS 199 

Variability of anatomical parameters and carbon isotope values 200 

Tracheid anatomical traits varied considerably not only between earlywood (EW) and latewood (LW), 201 

but also within them (Table 1, Fig. 2). In EW, the mean lumen diameter (LD) and cell diameter (CD) 202 

peaked in sectors EW2 to EW7, and then decreased. The cell-wall thickness (CW) and Mork’s index 203 

showed an opposite trend. These trends continued in the first LW sectors, as LD and CD decreased, and 204 

CW and Mork’s index increased from sector LW1 to LW2. However, LD, CD and CW were similar 205 

from sectors LW2 to LW4, and Mork’s index was higher in sector LW2 than in LW3. The last LW 206 

sector had the smallest CD and LD, and the highest CW and Mork’s index values. EW was on average 207 

twice as wide as LW. Given that LW tracheids were usually smaller than EW ones, the difference in 208 

tracheid number was less pronounced (but still significant). δ13C was higher in EW than in LW.  209 

All the parameters showed high inter-annual variability (Supplementary Table 1 and Supplementary 210 

Fig. 1). Long-term trend was strong for Nm, due to typical negative age/size related trend in tree-ring 211 
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widths (Cook and Kairiukstis 1990), whereas LD and CD featured increasing trends, likely related to 212 

conduit adjustment to increased tree height during ontogeny (Carrer et al. 2015). Such trends in the 213 

chronologies were removed to better assess the trait response to climate. 214 

 215 

Inter-relationships between δ
13

C and xylem anatomy in earlywood and latewood 216 

PCA evidenced that the EW parameters were rather independent from those in LW (Fig. 3). Moreover, 217 

tracheid number, size, wall thickness, and δ13C were interrelated in a complex way in both EW and 218 

LW. Earlywood CD and LD, and to a lesser extent Nm, were positively associated with PC1, while 219 

CW and δ13C were negatively associated. Latewood CD, LD and Nm were positively associated with 220 

PC2, while CW and δ13C were negatively associated. 221 

CD and LD were strongly associated in LW, and even more in EW. Therefore, in the following we 222 

only present results for LD, the trait with the strongest association with PC1 in EW and PC2 in LW 223 

(results on climate influence on CD are presented as Supplementary Material).  224 

The correlation matrix (Fig. 4) evidenced low carry-over effects of the parameters on current-year LD 225 

and CW. Only CW in LW was negatively related to previous year’s Nm in EW. Nm in EW showed 226 

negative relationships with previous year’s δ13C of both EW and LW, and strong positive relationships 227 

with Nm in EW and LW. Nm in LW was also positively related to previous year’s Nm in EW. δ13C in 228 

EW was independent of previous year’s parameters, while δ13C in LW was strongly positively 229 

associated with the previous year’s value.  230 

 231 

Climate influence on xylem traits and δ
13

 C 232 

Only a few significant correlations emerged between anatomical traits and seasonal climate variables 233 

(Fig. 5). Earlywood LD was strongly positively related to previous winter precipitation, but not to 234 

temperature. On the opposite, latewood LD was not significantly related to precipitation, but to 235 
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previous year’s summer minimum temperature. Earlywood CW did not show any significant 236 

correlation. Latewood CW was negatively related to autumn minimum temperature. Nm in EW and 237 

LW was more related to temperature in the previous than in the current year, and was not associated 238 

with precipitation. Isotopic data were strongly related to several climate parameters. δ13C in EW was 239 

negatively related to previous year’s winter precipitation, and to maximum and minimum temperature 240 

in both previous and current year’s seasons. δ13C in LW was strongly negatively related to temperature 241 

in most of the previous and current year’s seasons, and to temperature averaged over 12 and 18-month 242 

periods. 243 

At a finer temporal scale we observed a strong positive influence of intra-seasonal precipitation 244 

variability on LD in successive tree-ring sectors (Fig. 6 and Supplementary Fig. 2), which led to 245 

evident variations in the ring anatomical profiles (Fig. 7). The 51-day means of precipitation featured 246 

the highest and most stable correlations with respect to the other time windows. Precipitation 247 

accumulated between January and early April was strongly associated with LD in the first four EW 248 

sectors, with a peak (r > 0.6) in March. In the subsequent EW sectors, a positive correlation occurred 249 

with January precipitation, and a stronger and long-lasting one from late April to late May. Noticeably, 250 

a significant correlation with May precipitation also occurred in the first LW sector. Precipitation 251 

between October and early November was strongly associated with LD in the last three LW sectors (r > 252 

0.6). Considering temperatures, the 31-day windows highlighted the highest and most stable 253 

correlations. However, compared to precipitation, correlations were generally lower. Maximum 254 

temperature during late winter and spring showed a moderate negative correlation with LD in some 255 

EW sectors and the first LW ones, while October maximum temperature showed a moderate negative 256 

correlation with LD in the last LW sectors. Minimum temperature in December prior to ring formation 257 

was positively correlated to LD in most EW sectors. CW and Nm in both EW and LW were scarcely 258 

associated with current-year climate variability (Supplementary Figure 1). 259 
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δ13C in EW was strongly negatively associated with accumulated precipitation between February and 260 

early March (Fig. 6). δ13C in LW was positively associated with precipitation occurring in a short 261 

period in early April, and negatively related to maximum and minimum temperature in several periods 262 

during the year. 263 

The strong influence of precipitation on xylem formation left a legacy in the intra-ring anatomical 264 

structure. For example, in the latewood of the 2001 ring, characterized by the driest autumn along the 265 

1984-2013 period, cell lumen diameter was significantly below the average (and Mork’s index much 266 

above the average) (Fig. 7). In the earlywood of the 2002 ring, characterized by the driest spring, cell 267 

lumen diameter was much below the average, especially in the first sectors, corresponding to very dry 268 

December, January and February. Low precipitation also influenced earlywood δ13C. In the latewood, 269 

larger cells corresponded to moist autumn in that year. 270 

 271 

DISCUSSION 272 

Bimodal growth pattern 273 

Intra-ring analysis on P. pinea xylem evidenced a temporal detached influence of climate on earlywood 274 

and latewood formation. Earlywood traits were mainly related to winter and spring climate, while 275 

latewood ones were associated with climatic conditions occurring after the summer rest (anatomy) or 276 

several months before (δ13 C). This dual temporal pattern is consistent with recent studies that showed 277 

bimodal cambial activity in Mediterranean conifers (Vieira et al. 2017, Pacheco et al. 2018). We 278 

demonstrate that this strategy is efficient not only to prevent resource-demanding growth processes 279 

during stressful summer conditions, but also for the xylogenesis after dormancy. Indeed, P. pinea 280 

latewood xylem features were not affected by current summer drought, and no negative effect was 281 

found in the following year. Besides this general pattern, detailed analysis at the intra-ring level, and 282 
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the use of daily weather records instead of the commonly adopted monthly climate datasets, evidenced 283 

significant patterns not detectable at a coarser time resolution.  284 

 285 

Climate control on earlywood formation 286 

Pinus pinea earlywood anatomical features are the result of the typical double constraint of 287 

Mediterranean climate on tree growth: water shortage and, to a lesser extent, low winter temperature 288 

(Cherubini et al. 2003). Although this species can live on much drier sites than the study area (mean 289 

annual precipitation below 400 mm, Abad Viñas et al. 2016), tracheid size was strictly affected by 290 

water availability. Cell enlargement is likely the most sensitive growth process to water status, as it 291 

induces positive turgor pressure in the cambial zone to stretch the primary cell wall of the forming cells 292 

(Hsiao 1973). The tight relationship between xylem formation and intra-seasonal precipitation 293 

distribution was reflected in the intra-ring pattern of lumen size, with the distinct influence of late 294 

winter and spring precipitation observed on earlywood structure (Fig. 7). Concerning temperature, late 295 

winter and spring maximum daily values, associated with high evapotranspiration, negatively affected 296 

cell enlargement. However, minimum temperature was positively related to tracheid lumen size just 297 

before the period of active xylem formation. Pinus pinea is known to be sensitive to freezing 298 

temperatures (Abad Viñas et al. 2016). Although the mean December temperature in the area is 8 °C 299 

(Fig. 1), we evidenced that low temperature (probably during the night, associated with minimum daily 300 

temperature) can affect xylem formation a few months later. 301 

Cell-wall thickness was negatively related to lumen size (Fig. 3), supporting the hypothesis that the 302 

amount of wall material per cell is rather constant for each tracheids (Cuny et al. 2014), i.e., larger 303 

tracheids have thinner cell walls. Besides, along the tree-ring profile, relationships with precipitation 304 

were concurrent yet opposite to those of lumen size (Supplementary Fig. 2). We could then infer that 305 
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climate had a slight influence on earlywood cell-wall thickening, and that the few significant 306 

relationships rather reflect the climate effect on tracheid size. 307 

The number of tracheids in earlywood was scarcely related to climate variability. As the study area is 308 

mesic for the species, even during dry years, water shortage affected just the most sensitive xylogenetic 309 

phase, i.e. cell enlargement, and not the less sensitive cambial cell division (Zweifel et al. 2006). 310 

Decoupling between these two processes was also evident when assessing the carry-over effects. 311 

Respect to tracheid size, tracheid number benefited from previous year’s high temperature, and was 312 

strongly positively related to the previous year’s number. Interestingly, we did not observe a negative 313 

relationship between tracheid size and number (Fig. 3). Hence, we do not support the hypothesis that 314 

higher rates of cell division are associated with smaller tracheids due to the shorter time spent by 315 

forming cells in the enlargement phase (Carvalho et al. 2015).  316 

Analysis of carbon isotope composition confirmed the critical role of winter and early spring 317 

precipitation on earlywood formation. Under water shortage, trees, especially isohydric species like 318 

Mediterranean pines (Klein et al. 2013), close stomata to reduce water loss. In P. pinea, this likely 319 

reduced leaf discrimination against 13C, which resulted in increased δ13C of photo-assimilated carbon 320 

(Farquhar et al. 1989). Since during periods with high photosynthetic and growth rates (spring in the 321 

Mediterranean area), carbon is quickly transferred from leaves to the cambial area, the xylem isotope 322 

composition of earlywood reflected environmental conditions during its fixation (Eilmann et al. 2010, 323 

Sarris et al. 2013, Gessler et al. 2014, Kimak and Leuenberger 2015). However, although conifers rely 324 

less on carbon reserves than broadleaves for spring xylem formation (Zweifel et al. 2006, Soudant et al. 325 

2016), growth is usually not fully supplied by recent photosynthates (Kagawa et al. 2006, Kuptz et al. 326 

2011). Accordingly, δ13C was correlated to previous year’s temperature, suggesting that also previously 327 

synthetized carbon was used for xylem formation.  328 

 329 
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The complex climate influence of latewood formation 330 

Latewood tracheid size benefited from abundant autumn precipitation: apparently, water availability is 331 

critical not only during the formation of large earlywood tracheids, but also during development of 332 

smaller latewood ones. A negative relationship between tracheid size and cell-wall thickness (Fig. 3) 333 

and the concurrent but opposite association with climate (Supplementary Fig. 2), indicate that latewood 334 

cell-wall thickness was not directly influenced by climate, but resulted from the opposite relationship 335 

with lumen size. 336 

The general pattern emerging from our analysis is consistent with direct observations and retrospective 337 

analyses of other Mediterranean pines (Pacheco et al. 2016, Vieira et al. 2017). At the end of the 338 

favorable spring season, a few latewood tracheids were produced (which correspond to the first 339 

latewood sector, associated with precipitation accumulated in May, Fig. 6). After the summer rest (with 340 

no climate influence on tracheid traits), the return of water availability in autumn induced the 341 

production of new latewood tracheids (last three latewood sectors associated with October and 342 

November precipitation) with cascade effects within the latewood xylem structure (see e.g. Fig. 7). The 343 

amount of autumn precipitation can affect the size of latewood tracheids, as observed in other 344 

Mediterranean pines (Campelo et al. 2007, Vieira et al. 2015). 345 

The carbon isotope composition in the latewood was markedly different from that of earlywood, as 346 

observed on other species (Livingstone and Spittlehouse 1996, Portè and Loustau 2001, Vaganov et al. 347 

2009). However, the variability of environmental drivers on stomatal activity and photosynthetic rates 348 

cannot explain such a difference (Klein et al. 2013, Soudant et al. 2016). Indeed, these physiological 349 

rates influence δ13C of leaf tissue, where photosynthetic carbon isotope discrimination occurs (Gessler 350 

et al. 2014). Yet, assuming a direct relationship between xylem and leaf isotopic composition can be 351 

misleading, as post-assimilation in the carbon isotope fractionation can considerably affects xylem δ13C 352 

(Damesin and Lelarge 2003, Helle and Schleser 2004). Different isotopic composition in earlywood 353 
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and latewood can rather be due to different carbon use during the growing season (Kimak and 354 

Leuenberger 2015). This can considerably vary in relation to species and site-specific conditions 355 

(Vaganov et al. 2009, Sarris et al. 2013, Kimak and Leuenberger 2015, McCarroll et al. 2017). In P. 356 

pinea, δ13C in the latewood was scarcely associated with climatic conditions immediately before its 357 

formation, suggesting that it was not formed from recently assimilated carbon (Vaganov et al. 2009). 358 

Rather, δ13C was associated with the previous-year value, and to temperature occurring several months 359 

before. In the analyzed trees, latewood was mostly formed after the harsh dry summer period, when 360 

photosynthesis is reduced (as for most Mediterranean pines, Maseyk et al. 2008) and few 361 

photosynthates are used for metabolic functions (Dietze et al. 2014). Its formation therefore likely 362 

relied on the non-structural carbon pools. Establishing the origin of such reserves, and how climate 363 

influences their isotopic composition, is challenging due to the very complex mechanisms of carbon 364 

storage, mobilization, and post-carboxylation isotope fractionation (Badeck et al. 2005, Dietze et al. 365 

2014, Gessler et al. 2014). As δ13C in the latewood was associated with climate for a long period before 366 

xylem formation, carbon could come from mixing pools of different age, in part older than one year 367 

(Richardson et al. 2015, Timofeeva et al. 2017). The negative association to temperature could be 368 

related to stem respiration, one of the main post-assimilation fractionation processes (Damesin and 369 

Lelarge 2003), which is strongly related to temperature, and decreases the δ13C of organic matter 370 

(Maunoury et al. 2007, Kodama et al. 2008).  371 

 372 

CONCLUSION  373 

Our integrated approach, combining both xylem anatomical and δ13C analyses at intra-ring level, 374 

evidenced bimodal growth strategy (Cherubini et al. 2003, Camarero et al. 2010) in Mediterranean P. 375 

pinea, and showed that the processes of xylem formation are related to climate variability at different 376 

time scales. Cell enlargement is tightly controlled by precipitation. Specifically, the size of earlywood 377 
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cells, which are largely responsible for water transport, is related to water availability in early spring, 378 

while lumen size of most latewood is related to autumn precipitation. Future drier conditions in the 379 

Mediterranean region (Giorgi and Lionello 2008) will thus likely cause long-term reduction of xylem 380 

hydraulic conductance, potentially increasing drought-induced mortality risk (Hereş et al. 2014, 381 

Pellizzari et al. 2016). Cell division, which determines the number of tracheids, is not associated to 382 

current year’s climate, but rather to tracheid number in the previous year’s ring. Finally, δ13C analysis 383 

evidenced that latewood (and in part earlywood) isotope composition is related to climate conditions 384 

many months before xylogenesis, likely because it mainly relies on stored carbon pools.  385 

Information retained in tree rings allows to investigate growth patterns over longer periods compared to 386 

other approaches, to assess responses to inter-annual climate variations, and carry-over effects, which 387 

should be definitely considered in process-based vegetation models (Fatichi et al. 2014, Anderegg et al. 388 

2015, Lempereur et al. 2015). With intra-ring analysis we can increase the resolution of this 389 

information, improving our mechanistic understanding on xylem formation processes and response to 390 

climate, even under complex environmental conditions as in the Mediterranean area. 391 

 392 
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FIGURE CAPTION 402 

Figure 1.Walter-Lieth climate diagram of the Grazzanise meteorological station, 41°03′ N, 14°04′ E, 403 

10 m a.s.l., period 1984-2013. 404 

Figure 2. Sample image of one tree-ring section of a single sample tree (a), and corresponding intra-405 

annual variations of Mork’s index (b), lumen diameter (LD) (c), cell diameter (CD) (d) and cell-wall 406 

thickness (CW) (e) within the ring. In the graphs, grey dots represent the anatomical parameter of each 407 

tracheid at its relative position from the earlywood ring border. Solid black lines (loess smooth 408 

function) interpolate the mean values, and dashed lines represent standard deviation envelopes. Mork’s 409 

index above 1 (horizontal line in the Mork’s index graph) separates earlywood from latewood (vertical 410 

lines in all the graphs).  411 

Figure 3. Biplot of the principal component analysis (PCA) of anatomical and isotopic chronologies 412 

for the period 1984–2013. The first rotated principal component (RC1, Eigenvalue = 2.77) explains 413 

28.5% of the variance in the dataset, the second one (RC2, Eigenvalue = 2.21) explains 21.3%. Blue 414 

(red) arrows indicate earlywood (latewood) parameters. CD is cell diameter, LD is lumen diameter, 415 

CW is cell-wall thickness, Nm is cell number, δ13 is δ13C.  416 

Figure 4. Correlations between the anatomical and isotopic parameters in the current year with those of 417 

the previous year. Earlywood parameter acronyms are in blue, latewood ones are in red. LD is lumen 418 

diameter, CW is cell-wall thickness, Nm is cell number, δ13 is δ13 C. Correlation coefficients are coded 419 

according to circle size and to the color scale at the bottom, with significant correlations (P < 0.05) 420 

indicated by thick border.  421 

Figure 5. Correlations between anatomical and isotopic chronologies and climate variables grouped in 422 

seasons (pr. indicates previous year), 12 months (previous winter to current autumn) and 18 months 423 

(previous summer to current autumn). LD is lumen diameter, CW is cell-wall thickness, Nm is cell 424 

number, δ13 is δ13C. Earlywood parameter acronyms are in blue, latewood ones in red. Correlation 425 
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coefficients are coded according to circle size and to the color scale at the bottom, with significant 426 

correlations (P < 0.05) indicated by thick border.  427 

Figure 6. Correlations of 10 EW and 5 LW sector chronologies of lumen diameter (LD), and EW and 428 

LW chronologies of δ13C, with daily climate data from November of the previous year to current 429 

November. Precipitation sums were calculated over 51-day moving windows and aligned to the end of 430 

the window to account for accumulation, while means of maximum and minimum temperature were 431 

calculated over 31-day moving windows and aligned to the center of the window. Colors represent 432 

correlation coefficients (see key). Not significant correlations (P > 0.05) are not shown (white). 433 

Figure 7. Intra-annual variation of precipitation (a, b), intra-ring variation of lumen diameter (LD) (c, 434 

d) and Mork’s index (e, f), and earlywood and latewood δ13C (g, h) in P. pinea trees during two 435 

representative years, 2001, characterized by the driest autumn of the period 1984-2013, and 2002, with 436 

the driest spring. In panels a and b, blue lines represent 51-day means of precipitation in the year, from 437 

previous to current November, grey lines represent the mean annual course of 51-day means of 438 

precipitation over 1984-2013. The boxes with dashed line delimit the period when precipitation is 439 

critical for the first part of xylogenesis, the boxes with dotted line delimit the period critical for the 440 

second part of xylogenesis, as assessed from correlation analysis between LD and accumulated 441 

precipitation. In panels c-f, black lines and full circles with standard error bars indicate values in the 10 442 

earlywood and 5 latewood ring sectors in the year, while grey lines and empty circles indicate values 443 

during 1984-2013. The boxes with dashed line delimit the first part of the ring, which features winter to 444 

spring precipitation, and the boxes with dotted line delimit the second part of the ring, related to 445 

autumn precipitation. In panels g and h, black dots represent δ13C in earlywood and latewood in the 446 

year, while grey boxplots represent mean, standard deviation, and 5th and 95th percentile of δ13C during 447 

1984-2013. 448 
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Supplementary Figure 1. Mean raw chronologies of lumen diameter (LD), cell diameter (CD), cell-449 

wall thickness (CW), cell number (Nm) and δ13C in earlywood and latewood. 450 

Supplementary Figure 2. Correlations of 10 EW and 5 LW sector chronologies of cell diameter (CD), 451 

cell-wall thickness (CW), and cell number (Nm), with daily climate data from November of the 452 

previous year to current November. Precipitation sums were calculated over 51-day moving windows 453 

and aligned to the end of the window to account for accumulation, while means of maximum and 454 

minimum temperature were calculated over 31-day moving windows and aligned to the center of the 455 

window. Colors represent correlation coefficients (see key). Not significant correlations (P > 0.05) are 456 

not shown (white). 457 

Supplementary Table 1. Mean chronologies of lumen diameter (LD), cell diameter (CD), cell-wall 458 

thickness (CW), and Mork’s index in the 15 ring sectors. 459 

 460 

Suggested figure size 461 

Figure 1, 2, 3, 4, 6: one column 462 

Figure 5 and 7: two columns 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 
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Table 1. Mean (± 1 standard deviation) intra-ring xylem features of the ten P. pinea trees used for 473 

anatomical analyses over the period 1984-2013.  474 

  LD (µm) CD (µm) CW (µm) Mork's        Nm             % length          δ13 C 

EW 33.7 ±5.8 A 42.6 ±5.7 A 4.39 ±0.60 B 0.55 ±0.14 B 820 ±848 A 63.5 ±9.3 A -25.9 ±0.7  A 

LW 15.2 ±3.4 B 32.1 ±3.3 B 8.32 ±1.39 A 2.39 ±0.80 A 706 ±729 B 36.5 ±9.3 B -26.8 ±0.7 B 

EW1 32.3 ±4.5 cd 41.3 ±4.6 cd 4.42 ±0.53 fg 0.57 ±0.11 g   -    -    -  

EW2 35.2 ±5.2 a 43.6 ±5.2 ab 4.19 ±0.48 hi 0.49 ±0.10 hi  
 

- 
 

- 
 

- 

EW3 35.7 ±5.7 a 43.9 ±5.7 ab 4.10 ±0.49 hi 0.48 ±0.10 i 
 

- 
 

- 
 

- 

EW4 36.0 ±5.8 a 44.2 ±5.9 a 4.06 ±0.47 i 0.47 ±0.10 i 
 

- 
 

- 
 

- 

EW5 36.2 ±5.8 a 44.5 ±5.9 a 4.11 ±0.49 hi 0.48 ±0.12 i 
 

- 
 

- 
 

- 

EW6 35.8 ±5.5 a 44.3 ±5.7 a 4.23 ±0.51 h 0.49 ±0.10 i 
 

- 
 

- 
 

- 

EW7 34.8 ±5.0 ab 43.6 ±5.3 ab 4.38 ±0.52 g 0.52 ±0.10 h 
 

- 
 

- 
 

- 

EW8 33.4 ±4.7 bc 42.5 ±4.9 bc 4.55 ±0.51 f 0.57 ±0.10 g 
 

- 
 

- 
 

- 

EW9 30.9 ±4.3 d 40.5 ±4.6 d 4.74 ±0.51 e 0.64 ±0.10 f 
 

- 
 

- 
 

- 

EW10 27.1 ±3.8 e 37.6 ±4.4 e 5.12 ±0.54 d 0.78 ±0.09 e 
 

- 
 

- 
 

- 

LW1 19.3 ±2.3 f 33.6 ±3.5 f 6.78 ±1.02 c 1.49 ±0.29 d 
 

- 
 

- 
 

- 

LW2 14.2 ±2.4 g 31.9 ±2.8 g 8.67 ±1.31 b 2.59 ±0.68 b 
 

- 
 

- 
 

- 

LW3 14.9 ±3.1 g 32.1 ±3.1 g 8.50 ±1.23 b 2.43 ±0.73 c 
 

- 
 

- 
 

- 

LW4 14.9 ±3.0 g 32.4 ±3.3 g 8.64 ±1.12 b 2.44 ±0.67 bc 
 

- 
 

- 
 

- 

LW5 12.6 ±2.2 h 30.7 ±2.9 h 9.00 ±1.01 a 2.99 ±0.68 a   -   -   - 

 475 

Lumen diameter (LD), cell diameter (CD), cell-wall thickness (CW), Mork’s index, cell number (Nm), 476 

percentage of ring length (length), and carbon isotope (δ13C), were assessed for earlywood (EW) and 477 

latewood (LW). LD, CD, CW and Mork’s index were also assessed for the ten earlywood (EW1 to 478 

EW10) and five latewood (LW1 to LW5) tree-ring sectors. Different capital letters indicate significant 479 

(P < 0.05) difference between EW and LW according to Student’s t test. Different lowercase letters 480 
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indicate significant (P < 0.05) difference between sectors according to ANOVA test with Tukey’s 481 

pairwise comparisons.  482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 
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EW1 EW2 EW3 EW4 EW5 EW6 EW7 EW8 EW9 EW10 LW1 LW2 LW3 LW4 LW5

LD (μm)

1984 30.8 32.7 34.0 34.5 34.5 33.9 32.1 29.0 26.9 23.5 18.4 15.3 15.6 15.3 13.0

1985 30.9 32.3 33.3 32.9 32.1 30.8 29.9 29.3 26.7 23.1 17.8 13.2 11.4 13.0 11.6

1986 32.9 35.9 36.0 35.9 36.2 35.3 33.2 30.9 27.9 24.3 17.0 14.9 15.4 15.5 13.0

1987 31.8 33.4 33.4 34.6 34.4 33.7 31.9 30.4 27.7 24.1 18.1 14.4 15.6 16.3 13.0

1988 30.6 33.9 34.9 34.1 34.5 32.9 30.5 30.4 28.4 24.9 17.5 12.6 14.6 15.9 12.9

1989 30.7 32.0 31.6 31.9 31.1 31.3 30.2 29.2 27.5 24.9 18.0 13.1 15.4 16.0 12.5

1990 29.2 30.4 31.6 32.1 34.2 34.1 33.2 32.7 30.0 26.1 18.5 13.8 15.7 16.0 12.6

1991 31.8 33.8 33.2 34.1 34.1 34.4 33.8 32.1 29.8 26.4 19.2 14.3 14.8 14.3 12.4

1992 28.8 30.2 30.0 31.2 32.0 31.9 31.0 29.2 27.2 25.0 18.9 14.2 16.2 15.5 12.8

1993 31.8 33.2 32.4 33.0 32.9 33.0 31.4 30.0 27.3 25.3 18.8 12.4 12.8 14.1 12.7

1994 32.1 35.2 35.2 35.3 34.5 33.7 33.5 31.7 30.6 26.8 20.0 14.6 14.3 12.1 10.9

1995 30.8 33.2 34.8 36.7 37.3 37.8 36.6 35.2 30.7 27.0 19.9 13.8 12.7 12.4 10.6

1996 32.4 35.6 35.3 35.9 36.6 37.1 35.8 34.6 31.9 28.4 18.2 13.6 14.5 15.7 12.7

1997 31.7 34.1 35.2 36.1 36.3 36.8 35.4 34.3 31.7 28.8 20.8 14.0 11.9 12.6 12.0

1998 32.5 36.3 36.6 38.1 37.8 36.7 34.9 35.1 32.2 28.7 19.2 12.8 14.4 15.0 12.0

1999 30.2 34.3 34.8 33.9 35.6 35.8 36.1 34.0 31.4 27.7 18.9 12.4 13.2 14.2 12.1

2000 30.8 35.1 36.0 36.2 37.2 36.8 35.7 34.4 31.8 27.9 17.7 12.4 13.8 14.7 12.0

2001 33.2 36.6 35.3 36.4 35.1 33.6 32.7 32.7 31.3 27.6 22.4 15.1 14.4 12.7 10.5

2002 28.1 32.0 31.5 30.1 32.4 31.5 32.0 31.0 28.7 26.3 18.4 16.3 16.6 15.7 12.6

2003 30.2 34.6 35.2 34.7 35.1 33.7 34.2 33.4 31.2 28.3 19.0 17.3 16.7 14.5 12.1

2004 35.8 38.5 39.6 40.6 39.4 39.3 38.0 36.6 34.1 29.3 19.6 15.3 17.7 16.3 13.4

2005 36.8 39.9 40.3 40.4 40.2 39.1 39.0 38.5 35.5 31.0 20.6 15.2 16.0 17.8 14.2

2006 34.5 38.1 38.4 39.4 36.1 38.1 37.3 34.9 31.5 25.8 20.5 15.4 17.6 16.4 12.9

2007 32.7 36.1 38.9 38.4 39.7 38.1 38.4 35.3 34.6 28.7 20.8 14.5 14.8 15.1 12.9

2008 34.4 38.4 39.5 39.5 41.4 41.1 39.1 36.4 33.3 28.4 20.9 14.4 14.3 14.2 11.9

2009 35.7 38.3 40.1 40.8 40.4 38.6 37.7 37.3 34.8 29.9 18.7 16.2 19.4 17.7 13.9

2010 33.6 37.9 38.3 37.9 37.7 38.7 37.7 34.3 32.0 27.9 19.4 13.5 14.2 15.2 14.1

2011 36.1 38.2 38.6 39.3 39.4 38.9 36.9 35.8 34.3 29.5 20.8 12.0 11.7 13.1 12.7

2012 34.9 37.5 38.5 40.0 40.8 40.9 39.2 36.8 34.2 29.8 19.7 15.0 16.4 14.5 13.7

2013 36.0 38.5 39.0 38.8 39.0 39.1 37.3 36.0 32.5 27.9 20.0 15.2 14.9 17.2 13.9

Mean 32.4 35.2 35.7 36.1 36.3 35.9 34.8 33.4 30.9 27.1 19.3 14.2 14.9 15.0 12.6

St. Dev. 2.3 2.6 2.9 3.0 2.9 3.0 2.9 2.7 2.6 2.1 1.2 1.3 1.8 1.5 0.9
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For Peer Review

EW1 EW2 EW3 EW4 EW5 EW6 EW7 EW8 EW9 EW10 LW1 LW2 LW3 LW4 LW5

CD (μm)

1984 39.9 40.8 41.9 42.4 42.3 42.1 40.8 37.9 36.1 33.4 30.6 29.0 29.9 30.3 28.6

1985 39.7 40.2 40.9 40.5 39.7 38.6 38.0 37.5 35.3 32.6 29.4 28.3 27.7 28.3 27.1

1986 41.7 43.7 43.9 43.5 43.7 42.9 41.0 39.1 36.5 33.6 29.7 31.0 31.5 31.7 29.2

1987 41.5 42.7 42.4 43.4 43.4 42.7 41.2 39.9 37.1 33.9 30.3 29.8 30.6 32.1 30.4

1988 40.6 42.9 43.5 42.2 42.6 41.5 39.2 39.4 37.6 34.8 31.5 29.8 31.5 32.8 30.6

1989 40.0 40.8 40.1 40.8 39.9 40.5 39.4 38.9 37.2 35.1 31.2 30.3 32.7 33.1 30.7

1990 38.6 39.2 40.1 40.3 42.5 42.6 41.6 41.8 39.3 36.5 32.8 31.1 31.5 31.8 30.2

1991 41.1 42.3 41.3 42.3 42.4 43.1 42.8 41.5 39.5 36.3 32.4 31.1 31.3 31.1 29.8

1992 38.2 38.9 38.9 39.8 40.8 40.6 40.2 38.9 37.3 35.7 32.3 30.9 31.4 31.7 30.8

1993 40.9 41.6 40.7 41.0 41.0 41.1 40.2 39.2 37.2 36.0 32.1 30.2 29.9 31.0 30.3

1994 40.6 43.5 43.1 43.3 42.9 42.3 42.4 40.6 39.8 37.1 33.3 31.8 32.3 30.3 29.3

1995 39.8 41.5 42.9 44.9 45.2 45.9 45.3 44.1 40.1 37.0 34.4 32.5 31.6 31.6 29.3

1996 41.2 43.8 43.4 43.7 44.6 45.0 44.5 43.7 41.4 38.6 33.7 32.2 33.0 33.7 31.8

1997 41.3 43.3 44.1 44.3 44.7 45.7 44.5 43.7 41.6 39.3 35.4 32.4 31.4 31.9 30.5

1998 41.4 44.7 44.9 46.2 45.9 44.8 43.3 44.2 41.6 39.3 33.9 31.9 32.6 32.3 30.5

1999 38.8 42.3 42.7 41.8 43.3 43.9 44.3 42.8 40.7 37.9 33.0 31.0 30.9 31.9 30.2

2000 39.8 43.1 43.9 43.7 44.9 44.6 43.7 43.0 40.8 37.9 32.8 31.3 32.1 33.0 31.1

2001 42.2 45.2 43.9 44.9 43.9 42.5 41.7 41.7 40.7 38.2 35.7 33.3 33.9 31.6 29.2

2002 37.8 41.2 40.7 39.0 41.4 40.4 41.2 40.8 38.7 37.0 33.0 33.5 33.6 33.6 31.1

2003 39.2 43.4 43.2 43.2 43.9 43.2 43.6 42.8 41.4 39.1 34.2 34.2 33.7 33.2 30.6

2004 44.3 46.4 47.8 48.4 47.7 47.9 46.6 45.8 43.8 40.3 35.9 33.8 34.9 34.8 32.8

2005 45.4 48.4 48.4 48.4 48.2 47.3 47.4 47.2 44.9 41.7 35.8 33.6 33.3 34.7 32.5

2006 43.1 46.9 47.0 47.7 45.6 47.4 46.3 45.2 42.2 36.2 34.8 32.8 34.6 35.0 32.9

2007 41.8 44.9 47.4 47.0 48.6 47.0 47.6 44.7 44.2 39.5 36.1 33.3 33.5 33.6 32.0

2008 43.2 47.3 47.6 47.8 49.9 49.9 48.6 45.7 43.3 39.2 35.7 33.4 32.8 32.5 30.2

2009 44.4 46.7 48.8 49.1 48.7 47.0 46.6 46.5 44.5 40.3 34.5 32.5 33.6 34.2 32.0

2010 42.7 46.7 46.7 46.2 46.2 47.7 46.9 44.1 42.3 39.0 34.8 32.8 31.4 32.8 32.5

2011 44.6 46.6 46.7 47.5 47.6 47.4 45.7 44.8 43.8 40.4 35.6 31.8 31.5 32.5 31.8

2012 43.3 45.5 46.8 48.0 49.1 49.7 48.5 46.5 44.3 41.0 36.0 33.1 32.9 31.4 31.8

2013 44.3 46.5 46.6 46.2 46.4 46.8 45.7 44.8 42.2 38.7 35.3 33.3 32.0 33.5 32.3

Mean 41.4 43.7 44.0 44.2 44.6 44.4 43.6 42.6 40.5 37.5 33.5 31.9 32.1 32.4 30.7

St. Dev. 2.0 2.5 2.8 2.9 2.8 3.0 3.0 2.8 2.8 2.4 2.0 1.5 1.5 1.5 1.4
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For Peer Review

EW1 EW2 EW3 EW4 EW5 EW6 EW7 EW8 EW9 EW10 LW1 LW2 LW3 LW4 LW5

CWT (μm)

1984 4.52 4.17 4.07 4.04 4.05 4.17 4.32 4.55 4.69 4.85 5.54 6.33 6.65 6.87 6.90

1985 4.40 4.02 3.87 3.86 3.94 3.97 4.09 4.19 4.32 4.66 5.39 6.62 6.99 6.89 6.76

1986 4.31 4.05 3.92 3.88 3.87 3.90 4.02 4.15 4.36 4.56 5.85 7.12 7.23 7.19 6.97

1987 4.80 4.60 4.44 4.45 4.51 4.59 4.64 4.68 4.68 4.78 5.56 6.94 6.84 7.21 7.39

1988 4.95 4.56 4.43 4.25 4.17 4.27 4.41 4.58 4.62 4.85 6.25 7.22 7.44 7.48 7.53

1989 4.52 4.32 4.25 4.27 4.35 4.56 4.69 4.74 4.78 4.88 5.84 7.36 7.65 7.58 7.67

1990 4.73 4.34 4.17 4.03 4.12 4.27 4.43 4.59 4.83 5.12 6.15 7.17 7.07 7.07 7.55

1991 4.48 4.21 4.09 4.15 4.17 4.38 4.60 4.77 4.78 4.82 5.77 6.92 7.17 7.35 7.38

1992 4.81 4.44 4.36 4.31 4.33 4.38 4.56 4.76 4.87 5.06 5.90 7.01 6.80 7.22 7.60

1993 4.56 4.25 4.16 4.06 4.02 4.12 4.35 4.62 4.82 4.98 5.83 7.07 7.17 7.26 7.36

1994 4.38 4.12 4.02 4.03 4.17 4.35 4.46 4.41 4.54 4.93 5.86 7.14 7.38 7.49 7.26

1995 4.57 4.25 4.11 4.05 4.05 4.16 4.37 4.52 4.72 5.05 6.25 7.28 7.77 7.79 7.38

1996 4.47 4.17 4.06 4.01 4.05 4.11 4.29 4.45 4.60 4.97 6.34 7.56 7.65 7.65 7.61

1997 4.71 4.41 4.25 4.20 4.27 4.41 4.53 4.69 4.82 5.11 6.12 7.09 7.47 7.50 7.31

1998 4.52 4.19 4.04 4.01 4.01 4.15 4.33 4.49 4.55 4.99 6.18 7.49 7.58 7.50 7.47

1999 4.26 4.08 3.93 3.87 3.89 3.97 4.10 4.25 4.44 4.69 5.90 7.17 7.27 7.38 7.37

2000 4.26 3.91 3.82 3.83 3.83 3.90 4.06 4.29 4.52 4.73 5.96 7.27 7.57 7.57 7.37

2001 4.41 4.21 4.14 4.27 4.35 4.44 4.45 4.44 4.53 4.89 5.76 6.89 7.51 7.44 7.00

2002 4.64 4.48 4.39 4.37 4.29 4.37 4.52 4.66 4.73 4.97 5.88 6.80 7.09 7.42 7.32

2003 4.48 4.22 4.17 4.15 4.20 4.31 4.45 4.60 4.68 4.95 6.06 6.76 6.97 7.36 7.23

2004 4.12 3.92 3.89 3.92 4.11 4.22 4.35 4.43 4.50 5.00 6.46 7.39 7.30 7.48 7.53

2005 4.29 4.02 3.92 3.91 3.94 4.07 4.16 4.41 4.60 5.03 6.31 7.14 6.96 7.03 7.34

2006 4.26 4.14 4.16 4.07 4.53 4.58 4.59 4.76 4.98 4.99 6.10 7.06 7.20 7.63 7.67

2007 4.68 4.42 4.41 4.28 4.38 4.46 4.54 4.64 4.83 5.22 6.33 7.28 7.51 7.74 7.45

2008 4.44 4.36 4.19 4.19 4.19 4.30 4.55 4.70 4.71 4.92 5.98 7.06 7.37 7.45 7.12

2009 4.45 4.19 4.00 4.04 4.05 4.14 4.36 4.54 4.66 4.81 6.44 6.91 6.56 7.18 7.28

2010 4.47 4.25 4.14 4.18 4.32 4.57 4.79 4.93 5.15 5.31 6.32 7.56 7.18 7.38 7.56

2011 4.39 4.12 4.09 4.14 4.15 4.33 4.41 4.62 4.73 5.04 6.24 7.38 7.60 7.81 7.54

2012 4.26 3.99 3.98 4.07 4.25 4.43 4.60 4.79 4.99 5.32 6.56 7.25 7.02 6.94 7.32

2013 4.13 3.86 3.77 3.76 3.79 3.96 4.13 4.43 4.69 5.06 6.39 7.35 6.89 6.96 7.37

Mean 4.47 4.21 4.11 4.09 4.14 4.26 4.40 4.56 4.69 4.95 6.05 7.12 7.23 7.36 7.35

St. Dev. 0.20 0.19 0.18 0.17 0.19 0.20 0.20 0.19 0.18 0.18 0.30 0.28 0.31 0.26 0.22

Page 45 of 46

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

EW1 EW2 EW3 EW4 EW5 EW6 EW7 EW8 EW9 EW10 LW1 LW2 LW3 LW4 LW5

Mork's index

1984 0.59 0.51 0.47 0.47 0.46 0.49 0.54 0.63 0.70 0.84 1.32 1.82 1.91 2.08 2.50

1985 0.58 0.51 0.47 0.47 0.49 0.51 0.55 0.57 0.65 0.81 1.29 2.27 3.04 2.49 2.87

1986 0.52 0.46 0.44 0.44 0.43 0.45 0.48 0.54 0.64 0.76 1.48 2.14 2.25 2.38 2.78

1987 0.63 0.57 0.55 0.54 0.54 0.56 0.60 0.63 0.69 0.82 1.35 2.14 1.97 2.02 2.69

1988 0.64 0.54 0.51 0.49 0.48 0.52 0.59 0.62 0.66 0.79 1.62 2.72 2.26 2.14 2.83

1989 0.62 0.56 0.56 0.56 0.59 0.60 0.64 0.67 0.72 0.82 1.45 2.66 2.28 2.15 2.91

1990 0.66 0.58 0.54 0.51 0.50 0.50 0.53 0.56 0.64 0.81 1.52 2.55 2.00 1.96 2.85

1991 0.57 0.51 0.49 0.49 0.50 0.52 0.56 0.60 0.66 0.76 1.38 2.41 2.20 2.42 2.87

1992 0.67 0.60 0.60 0.57 0.56 0.56 0.60 0.67 0.74 0.84 1.37 2.37 1.92 2.12 2.97

1993 0.57 0.52 0.53 0.51 0.50 0.52 0.56 0.64 0.74 0.85 1.42 2.80 2.71 2.41 2.90

1994 0.54 0.48 0.47 0.47 0.49 0.52 0.54 0.58 0.62 0.79 1.35 2.38 2.61 3.09 3.64

1995 0.60 0.51 0.48 0.45 0.44 0.44 0.48 0.52 0.62 0.76 1.47 2.79 2.99 3.10 3.65

1996 0.55 0.47 0.47 0.45 0.44 0.44 0.48 0.52 0.61 0.74 1.69 2.82 2.62 2.37 3.06

1997 0.61 0.54 0.52 0.49 0.49 0.50 0.51 0.55 0.64 0.75 1.35 3.00 3.37 3.23 3.20

1998 0.56 0.47 0.46 0.44 0.44 0.47 0.50 0.53 0.59 0.75 1.53 2.99 2.53 2.36 3.14

1999 0.58 0.49 0.46 0.46 0.45 0.46 0.48 0.51 0.59 0.73 1.53 2.97 2.77 2.55 3.05

2000 0.57 0.47 0.45 0.44 0.42 0.43 0.47 0.51 0.59 0.70 1.69 3.28 2.74 2.60 3.23

2001 0.55 0.48 0.49 0.49 0.52 0.54 0.58 0.58 0.63 0.79 1.18 2.40 2.79 3.05 3.47

2002 0.68 0.58 0.58 0.60 0.55 0.58 0.60 0.66 0.71 0.83 1.54 2.32 2.27 2.47 3.10

2003 0.59 0.50 0.51 0.50 0.52 0.53 0.55 0.60 0.65 0.77 1.63 2.03 2.12 2.60 3.23

2004 0.48 0.42 0.42 0.40 0.43 0.45 0.48 0.52 0.57 0.75 1.72 2.58 2.01 2.34 2.96

2005 0.48 0.42 0.41 0.40 0.41 0.43 0.44 0.47 0.54 0.70 1.62 2.56 2.18 1.91 2.62

2006 0.56 0.48 0.46 0.43 0.58 0.51 0.51 0.58 0.65 0.80 1.35 2.31 1.97 2.31 3.15

2007 0.58 0.50 0.47 0.47 0.47 0.49 0.49 0.56 0.60 0.79 1.48 2.75 2.61 2.60 3.04

2008 0.53 0.46 0.44 0.43 0.42 0.43 0.48 0.53 0.61 0.75 1.41 2.80 2.88 2.61 3.06

2009 0.53 0.45 0.42 0.41 0.42 0.44 0.47 0.50 0.56 0.69 1.85 2.19 1.57 1.92 2.66

2010 0.54 0.46 0.44 0.44 0.46 0.47 0.51 0.58 0.65 0.80 1.54 3.02 2.47 2.37 2.68

2011 0.50 0.43 0.43 0.43 0.43 0.45 0.48 0.53 0.58 0.73 1.42 3.39 3.50 3.11 3.13

2012 0.50 0.45 0.43 0.43 0.43 0.44 0.47 0.52 0.59 0.76 1.68 2.53 2.03 2.39 2.72

2013 0.46 0.41 0.40 0.40 0.40 0.42 0.45 0.50 0.60 0.76 1.51 2.50 2.43 1.94 2.69

Mean 0.57 0.49 0.48 0.47 0.48 0.49 0.52 0.57 0.64 0.77 1.49 2.58 2.43 2.44 2.99

St. Dev. 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.15 0.37 0.45 0.38 0.28
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