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What is hot in tree rings? The wood density of surviving Douglas-firs to the 2003 drought and heat wave

Keywords: heat wave, climate change, phenotypic plasticity, adaptation, microdensity profile, Pseudotsuga menziesii

In a global warming scenario, drought and heat waves like the one that occurred in 2003 in Europe are expected to become more intense and frequent. This extreme climate event strongly affected the hydraulic balance in many forest tree species including Douglas-fir, with symptoms ranging from partial crown necrosis to death. We studied a French Douglas-fir provenance trial, strongly affected by the 2003 drought and heat wave. Using wood X-ray microdensity profiles as a record of cambium response to environmental variations, we compared mean stem density and growth between dead and alive neighbouring trees and several microdensity characters measured over 17 growth rings previous to 2003. Special attention has been given to the sampling layout in order to minimize the micro-environmental effects. At tree level, surviving trees have a significantly higher mean stem density. At tree ring level, they have a significantly higher mean ring density, maximum ring density, latewood density and, to a lesser extent, latewood proportion. No significant difference was found for diameter growth. These results could have direct implications in the way to study and predict possible acclimation and adaptation of forest trees to climate change process. Wood could be used for the selection of genotypes with a desirable plasticity and resistance to drought induced-cavitation.

Introduction

Wood is a temporal record of tree by environment interactions. In a typical temperate conifer tree, early-season growth produces wood cells (tracheids) with thin walls and big diameter lumens commonly called earlywood. Towards the end of the growing season, tracheids are formed with thick walls and small diameter lumens named latewood. The anatomical change through the growing season is easily revealed by an increase in within ring wood density, which forms the well known pattern of earlywood-latewood concentric growth rings. However, tree response to environmental conditions also happens at lower physical and temporal scales. For instance, discrete drought events during the growing season can trigger remarkable peaks of density in the wood, called false rings [START_REF] Zahner | Water deficits and growth of trees[END_REF][START_REF] Glerum | Drought ring formation in conifers[END_REF][START_REF] Rozenberg | Clonal variation fo wood density record of cambium reaction to water deficit in Picea abies (L.) Karst[END_REF]. Wood density record reflects the cambial activity of a plant caused by environmental signals, and wood density profiles can be used to infer individual plasticity. Here, we define plasticity as the capacity of a given genotype to modify its phenotype as a response to environmental variations [START_REF] Dewitt | Phenotypic Plasticity. Functional and Conceptual Approaches[END_REF]. Plasticity is thus an individual response, different from evolution, which is generally defined as a successful change through selection in the genetic composition of a population submitted to an environmental shift. Up to now, between-ring wood records have been the focal interest of dendrochronology, relying on large temporal series at population level to study local climate variations [START_REF] Douglass | Evidences of Cycles in Tree Ring Records[END_REF][START_REF] Fritts | Tree rings and climate[END_REF]. Smaller scale within-ring variations at individual level as response to climatic events have received less attention [START_REF] Rozenberg | Improving models of wood density by including genetic effects: A case study in Douglas-fir[END_REF]. The different types of wood formed during early and late growing season have very different hydraulic properties [START_REF] Domec | Age-and position-related changes in hydraulic versus mechanical dysfunction of xylem: inferring the design criteria for Douglas-fir wood structure[END_REF]. In Douglas-fir, under normal climate conditions, sap flows in latewood tracheids could be neglected compared to early-season tracheids [START_REF] Domec | How do water storage differ in coniferous earlywood and latewood?[END_REF]. Hydraulic imbalances, as a result of low soil water content and strong atmospheric demands, can induce generalized cavitation in xylem tracheids [START_REF] Tyree | Characterization and propagation of acoustic-emission signal in woody-plants-towards an improved acoustic-emission counter[END_REF][START_REF] Domec | How do water storage differ in coniferous earlywood and latewood?[END_REF][START_REF] Taiz | Plant physiology[END_REF]. This unfavourable phenomenon occurs when, following a sudden water deficit, the internal pressures become negative enough to overcome the potential of xylem dysfunction [START_REF] Cochard | Vulnerability of several conifres to air embolism[END_REF] and the water column inside the tracheids breaks (Tyree and Zimmermann, 2002). Ultimately, adult trees may die as a result of long and/or intense drought events [START_REF] Mueller | Differential tree mortality in response to severe drought: evidence for long-term vegetation shifts[END_REF][START_REF] Bréda | Temperate forest trees and stands under severe drought: a review of ecophysiological responses, adaptation processes and long-term consequences[END_REF]. Within the global warming perspective, extreme climate events are expected to increase in frequency and intensity (Levinson et al., 2003;[START_REF] Meehl | More Intensive, More Frequent, and Longer Lasting Heat Waves in the 21st Century[END_REF][START_REF] Schär | The role of increasing temperature variability in European summer heatwaves[END_REF][START_REF] Salinger | Increasing climate variability and change: reducing the vulnerability[END_REF]IPCC, 2007), providing forest trees little opportunity to migrate or to evolve in place [START_REF] St | Genetic maladaptation of coastal Douglas-fir seedlings to future climates[END_REF]. Therefore phenotypic plasticity could play a principal role in the acclimation or/and adaptation process to the new climate changes scenario. The year 2003 in Europe was considered a signal of the global warming process, being for instance the most severe heat wave in France since the year 1370 [START_REF] Chuine | Historical phenology: Grape ripening as a past climate indicator[END_REF]. Abnormal ecophysiological reactions were reported as consequences of this heat wave in many trees [START_REF] Bréda | La sécheresse de 2003 dans le contexte climatique des 54 dernières années: analyse écophysiologique et influence sur les arbres forestiers[END_REF]. Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), a conifer species planted abundantly in Europe and particularly in France [START_REF] De Champs | Le Douglas[END_REF][START_REF] Thivolle-Cazat | Le Douglas en France : une ressource résineuse en pleine expansion[END_REF], was strongly affected (DSF, 2004;[START_REF] Rozenberg | Evidence of the effect of the climate of year 2003 on Douglas-fir and larch wood formation in France[END_REF]Martinez-Meier et al., 2008). Symptoms ranged from partial foliage necrosis to individual death. Yet, some Douglas-firs neighbouring the affected trees had no visible damage. The genetic background and the micro-environmental conditions certainly play an essential role in tree survival. Besides that, we questioned whether the wood of dead and living trees, as records of their particular reactions to past weather, showed a systematic difference that could hint a lack in plasticity or adaptation in the dead trees. As far as we know, this kind of study has not been undertaken yet. In species with great water demand, like Douglas-fir, the global warming process could act as a strong selective force. Under extreme climate events, wood density changes would have an impact on the integrity of trees hydraulic system and, ultimately, affect their fitness. By using fine scale analysis of wood records based on X-ray microdensity profiles, we compared microdensity parameters between Douglas-fir individuals that had not survived the drought and heat wave of 2003 and their neighbouring surviving trees. Attention has been given to the sampling layout and the statistical analysis in order to minimize the microenvironmental effects. The eventual use of certain wood record characteristics to predict a tree's potential acclimation was subsequently discussed.

Comment citer ce document : Martinez-Meier, A., Sanchez, L., Pastorino, M., Gallo, L., Rozenberg, P. (2008) [START_REF] Polge | Etablissement des courbes de variations de la densité du bois par exploration densitométrique de radiographies d'échantillons prélevés à la tarière sur des arbres vivants[END_REF] and the resulting X-ray films were scanned at a 1000 dpi resolution with 8 bits depth per pixel. The digital images were processed with WinDENDRO software [START_REF] Guay | A new automatic and interactive tree ring measurement system based on a line scan camera[END_REF], obtaining a final spatial resolution of 25 µm.

The complete density profiles (Fig. 1) were used to estimate mean stem density and diameter growth for each tree following the methodology described in [START_REF] Rozenberg | Height growth, wood density and dry fibre weight of four 33 year-old Douglas-fir provenances[END_REF].

Fig. 1 Microdensity profiles of two trees: one tree that survived 2003 but perished in the following year and a surviving tree, from our sample in Orléans Douglas-fir forest.

Microdensity data was computed yearly from 1986 to 2002 rings (seventeen years), by using a function written in R language (R Development Core Team, 2007). We described each of the tree-rings of the above period by seven of the most commonly used descriptors among users of microdensity profiles. These descriptors were: ring width, mean ring density, minimum ring density, maximum ring density, earlywood density, latewood density and latewood proportion. Earlywood and latewood densities were taken as the average density of their respective ring portion computed by the mean of the extreme density values in each ring [START_REF] Zamudio | Genetic variation of wood density components in a radiata pine progeny test located in the south of Chile[END_REF]. In order to avoid the eventual effects of a non-random distribution of dead trees across the trial, and minimize the impact of micro-environmental differences onto the dead versus surviving comparison, each dead tree was systematically associated to an adjacent living tree with no apparent signs of damage (Fig. 2). We assumed, therefore, that each living tree shares the same physical environment than its associated dead tree.

Fig. 2 Tree distribution in provenance trail and pairs of sampled trees (dead and associate living trees).

Then, the difference between the value of the living tree and the value of its associated dead tree was computed for: mean stem density, diameter growth and for seven ring variables, in all years. Resulting means over the 65 pairs for each variable were computed (denoted D1 to the observed mean difference in mean stem density and diameter growth and D1 ij for variable i in year j in the case of ring variables). In order to construct a reference distribution for each estimator (mean stem density, diameter growth and 7 ring variables times 17 years), from which inferences over D1 and D1 ij could be made, we used a Monte-Carlo randomization approach [START_REF] Mainly | Randomization, Bootstrap and Monte Carlo Methods in Biology[END_REF]. This randomization approach used as reference population all the trees of the analyzed 65 pairs. These 65 random pairs were subsequently formed from this reference population, without replacement and with no consideration of health status, and differences for all variables computed and stored. This re-sampling preceded over 1000 replicates, and distributions for all variables were constructed across the replicates. These distributions (R Development Core Team, 2007). Each observed difference, D1 (for mean stem density and diameter growth) and D1 ij (7 ring variables from 1986 to 2002), was compared to its corresponding distribution of D0 and D0 ij , and the standardized area left to the right by D1 and D1 ij in the distribution of D0 and D0 ij was computed as the probability of the observed difference being due by chance, respectively. We assumed a significance threshold of 0.05, for a one tail test.

Comment citer ce document : Martinez-Meier, A., Sanchez, L., Pastorino, M., Gallo, L., Rozenberg, P. (2008) and 2005 of these latter trees were all very narrow, typical of trees under stress (Fig. 1).

Table 1 shows averages and confidence intervals for dead and living trees for mean stem density and diameter growth. The result shows that surviving trees have a significantly higher mean density than dead trees, but are not significantly different for diameter growth.

Table 1 Average, D1 differences and standard deviation and p-value for mean stem wood density and diameter growth in surviving and dead Douglas-fir trees.

Figure 3 and 4 show the development of differences (D1 ij ) between the surviving and the dead trees over years, as well as the associated levels of significance. The grey bars values over the horizontal line correspond to significant differences from what would be expected from a random pair, thus meaning that the surviving trees are significantly different from the dead trees. Dead and surviving trees appeared to be significantly different for mean ring density, maximum ring density and latewood density from 1994 to 2002, except for maximum ring density in 1998. Dead and surviving trees were significantly different too for the three previous variables in 1990 and in 1991 for latewood density. For latewood proportion (d), the surviving and the dead trees are significantly different from 1999 to 2002. The significant differences between surviving and dead trees were related generally to the second part of the growing season. Surviving trees tend to have a higher latewood density and a higher latewood proportion in the outermost ring (Fig. 5).

Comment citer ce document : Martinez-Meier, A., Sanchez, L., Pastorino, M., Gallo, L., Rozenberg, P. (2008) One of the main consequences of the 2003 drought and heat wave for the trees was a dramatic reduction in growth, which is usually operated through stomata closure as response to a strong atmospheric demand and to a decrease in soil water availability [START_REF] Bréda | La sécheresse de 2003 dans le contexte climatique des 54 dernières années: analyse écophysiologique et influence sur les arbres forestiers[END_REF]2006). If drought increases in length and intensity, cavitation is likely to occur in the xylem, followed by early mortality of roots and twigs (partial necrosis) and, ultimately, by tree death [START_REF] Mueller | Differential tree mortality in response to severe drought: evidence for long-term vegetation shifts[END_REF][START_REF] Bréda | Temperate forest trees and stands under severe drought: a review of ecophysiological responses, adaptation processes and long-term consequences[END_REF].

In Douglas-fir, under favorable hydraulic conditions, water transport is mainly (more than 80 %) done through the earlywood of the outermost rings (sapwood) [START_REF] Domec | How do water storage differ in coniferous earlywood and latewood?[END_REF].

The research described in this paper shows that the trees that survived the 2003 extreme drought and heat wave have in several previous to 2003 tree rings, a higher mean ring density due to a higher proportion of denser latewood. Thus the significant differences in the latewood components found in this study, principally in the outermost rings, suggest that variation in latewood characteristics may be related to resistance to drought, helping trees to maintain the integrity of their hydraulic system. The corresponding hypothesis is that their latewood quantity and characteristics increase the resistance to cavitation. In other words, a higher proportion of higher latewood density tends to increase resistance to drought. If this was the case, what was the physiological mechanism involved? We assume that the death of a number of trees following the 2003 climate event is a consequence of a generalized embolism in conductive rings. Conversely, the survival of other trees is certainly related to a better preservation of conductivity in their hydraulic system. How a higher proportion of higher density latewood may explain the preservation of the conductivity? Some authors emphasize that high latewood/earlywood ratio could be an adaptive hydraulic trait in Douglas-fir [START_REF] Domec | How do water storage differ in coniferous earlywood and latewood?[END_REF], others highlight the water storage capacity of latewood [START_REF] Waring | Sapwood water storage: its contribution to transpiration and effect upon water conductance through the stems of old-growth Douglas-fir[END_REF][START_REF] Beedlow | Bole water content shows little seasonal variation in century-old Douglas-fir trees[END_REF] that could be made available after earlywood becomes no longer conductive [START_REF] Schiller | Water regime of a pine forest under a Mediterranean climate[END_REF][START_REF] Domec | How do water storage differ in coniferous earlywood and latewood?[END_REF].

The apparition and propagation of embolism can be explained, by xylem structure, i. e. wall thickness/lumen diameter ratio and/or pit characteristics [START_REF] Cochard | Vulnerability of several conifres to air embolism[END_REF][START_REF] Sperry | Size and function in conifer tracheids and angiosperms vessels[END_REF][START_REF] Pittermann | Mechanical reinforcement of tracheids compromises the hydraulic efficiency of conifer xylem[END_REF]. At least in Douglas-fir, density is strongly related with lumen diameter [START_REF] Rathgeber | Linking intra-tree-ring wood density variations and tracheid anatomical characteristics in Douglas fir (Pseudotsuga menziesii (Mirb.) Franco)[END_REF]. According to our knowledge no results have been published about a possible relationship between wood density and pit characteristics. Is the variation of lumen diameter alone able to explain the observed mortality rate? Does the observed variation for latewood proportion and density is large enough to explain a delayed apparition and propagation of embolism in the surviving trees? Simultaneous studies taking into account the variation of ring density components and adaptive traits related to wood conduction properties and/or wood anatomical characteristic are necessary to try to answer these questions.

Xylem plasticity

During a growing season, wood density follows a curve that reflects cambial activity as a function of environmental variations [START_REF] Zahner | Water deficits and growth of trees[END_REF][START_REF] Sanchez-Vargas | Plastic and adaptive response to weather events: a pilot study in a maritime pine tree ring[END_REF]. This can be interpreted as the way in which a particular genotype responds to environmental variations, and that is a measure of phenotypic plasticity. With a rapid global warming scenario (IPCC, 2007), this individual plastic response may play an important role in the acclimation to new environmental conditions [START_REF] Bréda | Temperate forest trees and stands under severe drought: a review of ecophysiological responses, adaptation processes and long-term consequences[END_REF][START_REF] Rennenberg | Physiological responses of forest trees to Heat and Drought[END_REF]Saxe et al., 2006). In forest species with long generation periods, trees that respond to environmental shifts with beneficial phenotypic changes can have more chance of survival. Our results suggest that surviving trees responded by producing a particular type of latewood, showing certain responsiveness to the environmental stress produced by summer conditions during the last

Comment citer ce document : Martinez-Meier, A., Sanchez, L., Pastorino, M., Gallo, L., Rozenberg, P. (2008) The significant differences that we found between the dead and the surviving trees can be interpreted as a faster transition during the growing season from a similar earlywood to a higher density latewood for the surviving trees. In other words, the surviving trees were more plastic than the dead trees. But, to confirm this hypothesis, it is necessary to synchronize wood formation and climate variation, since in the microdensity profiles wood variation describes distance and not time. This synchronization is the subject of another, on-going study. If the increase of the latewood density components is truly related to resistance to drought, which is still to be proved, then the surviving trees could be regarded as more plastic in terms of wood formation and improving their resistance to drought. The plasticity of wood formation (i.e. xylem plasticity) as a function of climate deserves greater attention when studying the biology of adaptation. The approach using dead versus surviving trees following extreme events may be fruitful in the study of plasticity and adaptation over future climates.

4.3. Long-term response.

At the risk of oversimplification, keeping in mind the relatively limited scope of this study, we could assume that some degree of selection against trees with low density wood may happen after heat wave events like the one in 2003. This kind of event might become more frequent under the general scenario of climate change [START_REF] Meehl | More Intensive, More Frequent, and Longer Lasting Heat Waves in the 21st Century[END_REF]IPCC, 2007), where not only an increase in mean temperature is expected, but what is more important, an increase in variation in temperatures and precipitations. Therefore, repeated events of extreme heat might subsequently deplete low density trees in favour of those with higher density. Moreover, many references state the high levels of genetic control behind wood density characteristics [START_REF] Zobel | Wood variation its causes and control[END_REF][START_REF] Zobel | Genetics of wood production[END_REF]. This is particularly evident in Douglas-fir [START_REF] Gonzalez | Early selection for wood density in young coastal Douglasfir trees[END_REF][START_REF] King | Selection of Wood Density and Diameter in Controlled Crosses of Coastal Douglas-fir[END_REF][START_REF] Loo-Dinkins | Genetic control of wood density profile in young Douglas-fir[END_REF][START_REF] St | Genetic variation in tree structure and its relation to size in Douglas-fir. I. Biomass partitioning, foliage efficiency, stem form and wood density[END_REF][START_REF] Vargas-Hernandez | Family variation in age trends of wood density traits in young coastal Douglas-fir[END_REF][START_REF] Johnson | Genetic variation in basic density and modulus of elasticity of coastal Douglas-fir[END_REF]. High heritability traits subjected to directional selection are expected to yield rapid phenotypic shifts. However, whether this phenotypic drift is actually occurring or not is beyond the scope of this study. We could also assume that neither wood density nor its basic components are direct targets of natural selection. Although the link between wood density and tree hydraulic properties seems a good conceptual approach, natural selection could operate on other basic traits having as side-effect an increase in wood density. This could happen through underlying pleiotropy or by physical constraints. We should note nevertheless that Douglas-fir is a relatively young introduction in France, directly from their natural habitats on the West coast of North America.

4.4. Consequences in tree breeding programs.

Up to now studies of wood physical properties have had principally two distinct objectives: the study of wood quality and the reconstruction of past climates (i.e. dendrochronology).

Few attempts have been made to use wood density as an indicator of the reaction of trees to immediate climate, and as a measure of plasticity; that is malleable by directional selection [START_REF] Scheider | The genetics of phenotypic plasticity. I Heritability[END_REF][START_REF] Gibert | Phenotypic plasticity of body pigmentation in Drosophila melanogaster. Genetic repeatability of quantitative parameters in two successive generations[END_REF]. Recently, some authors pointed at this possibility, by showing that some microdensity variables are good indicators of extreme climate events [START_REF] Rozenberg | Clonal variation fo wood density record of cambium reaction to water deficit in Picea abies (L.) Karst[END_REF][START_REF] Bower | Response of annual growth ring components to soil moisture deficit in young, plantation-grown Douglas-fir in coastal British Columbia[END_REF]Martinez-Meier et al., 2008), and that they seem to have significant genetic control (Rozenberg et al., 2004;Martinez-Meier et al., 2008).

Conclusions

Comment citer ce document : Martinez-Meier, A., Sanchez, L., Pastorino, M., Gallo, L., Rozenberg, P. (2008) Trees surviving 2003 heat and drought wave have a significantly higher mean ring density, higher latewood density and higher latewood proportion. The increased latewood density components in surviving trees could be related to xylem plasticity and this could be linked to a resistance to drought. We showed in this study that it may be possible to predict the susceptibility to extreme climates events on the basis of ring density parameters. Microdensity profiles are useful to infer the plasticity of wood formation related to climate variation and tree adaptation in the context of the global warming scenario. This opens up possibilities in tree breeding programs, because mean ring density is under high genetic control, and could be considered as a candidate to improve drought tolerance. Moreover, wood density is usually positively correlated with overall wood quality. In any case, it will be necessary to validate these results over a wider range of populations, to confirm the adaptive value of wood density, as well as to quantify the genetic variability for these traits in remaining French Douglas-fir populations.
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 5 Fig.5Illustration of the mean latewood density and mean latewood proportion in living (dark grey circles) and dead (light grey diamonds) trees, for the outermost year-rings (from 1999 to 2002). Full big circle and diamond and their solid lines represent the mean value and standard deviation of each group of trees (living and dead trees respectively).
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  Microdensity profiles of two trees: one tree that survived 2003 but perished in the following year and a surviving tree, from our sample in Orléans Douglas-fir forest.
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