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Abstract & Introduction Relationships between wood density and hydraulic efficiency and safety (hydraulic specific conductivity and vulnerability to cavitation, respectively) could clarify the physiological process explaining the impact of density on fitness. We have used new, relatively high-throughput phenotyping methods to estimate genetic variation of wood hydraulic specific conductivity (ks) and vulnerability to cavitation (VC) as an important step toward demonstrating the adaptive value of wood density. & Objective The first aim of this study is to test if, in Douglas-fir, there is a relationship between wood hydraulic properties (ks and VC) and wood density. The second Handling Editor: Erwin Dreyer G. Dalla-Salda (*) Instituto Nacional de Tecnología Agropecuaria (INTA) Bariloche, Unidad de Ecología Forestal, C.C. 277, 8400 San Carlos de Bariloche, Río Negro, Argentina e-mail: [email protected] A. Martinez-Meier Instituto Nacional de Tecnología Agropecuaria (INTA) Bariloche, Unidad de Genética Ecológica y Mejoramiento Forestal, C.C. 277, 8400 San Carlos de Bariloche, Río Negro, Argentina H. Cochard Institut National de la Recherche Agronomique (INRA) Clermont-Ferrand, PIAF, Site de Crouel, Avenue du Brézet, 63100 Clermont-Ferrand, France P. Rozenberg Institut National de la Recherche Agronomique (INRA) Orléans, Unité Amélioration Génétique et Physiologie Forestières, 2163 Avenue de la Pomme de Pin, CS 40001 ARDON, 45075 Orléans Cedex 2, France



objective is to estimate genetic variation of wood ks and VC. These results could aid understanding of the role of wood density in the hydraulic properties of xylem and may clarify the role of wood density in adaptation to drought. & Results Many significant relationships were found between wood density and wood hydraulic properties at clone and tree level, as well as significant genetic variation for ks and VC. We have also found positive correlations between tree height, specific conductivity and vulnerability to cavitation, but no relation was found between radial growth and hydraulic variables. & Conclusions Our results suggest that wood density has an adaptive value and that microdensity can be used to study adaptation to drought in Douglas-fir. The novel methods used to measure ks and VC proved to be interesting alternatives for localized measurement of wood hydraulic properties and were compatible with a robust estimation of genetic variation. Keywords Adaptation to drought . Wood density . Douglas-fir . Hydraulic efficiency . Hydraulic safety



1 Introduction Conduit lumen diameter, conduit length and cell wall thickness are known to radically affect sap conduction efficiency and protection against cavitation and wall collapse (Cruiziat et al. 2002; McElrone et al. 2004; Sperry et al. 2008; Tyree et al. 1994). The lumen to cell wall proportion of the xylem is closely related to wood density (Bucci et al. 2004; Hacke et al. 2001a; Stratton et al. 2000). Several authors (Domec and Gartner 2002a, b; Hacke et al. 2001a, b; Mayr and Cochard 2003; Stiller 2009) showed that wood density is closely related to the hydraulic
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properties of the xylem. A recent study has shown that Douglas-fir trees surviving the 2003 heat and drought wave in France had a significantly higher wood density than trees that died shortly after the heat wave (Martinez-Meier et al. 2008). Dalla-Salda et al. (2009) found that a Douglas-fir clone more resistant to cavitation had a higher wood density than other, more vulnerable, clones. All these results suggest that wood density may be an adaptive trait involved in resistance to drought. Phenotypic variation of wood hydraulic properties involved in resistance to drought can affect surviving capacity within a tree population and thus fitness. If the wood hydraulic properties involved in resistance to drought are genetically variable and heritable, then favourable phenotypes can be selected and transmitted to the next generation. While it is well known that between-species variation exists for wood hydraulic properties (Bond and Kavanagh 1999; Cavender-Bares and Holbrook 2001; Domec et al. 2007; Sperry and Tyree 1990) and that there is genetic variation for wood density (Cornelius 1994; Johnson and Gartner 2006), fewer results are available concerning within-species genetic variation of wood hydraulic properties related to hydraulic efficiency and safety (Dalla-Salda et al. 2009; Rosner et al. 2007, 2008; Vander Willigen and Pammenter 1998). Nowadays, relatively high-throughput phenotyping methods for wood hydraulic properties allow rapid, localized measurement of specific conductivity (ks) (DallaSalda et al. 2009) and resistance to cavitation in the wood of adult trees (Cochard 2002; Cochard et al. 2005). This is in accordance with the number of trees compatible with a robust estimation of genetic variation. The indirect X-ray microdensity method developed by Polge (1966) is largely used in genetic improvement programs for the selection of trees with desirable density characteristics. These profiles allow the description of wood density variation within a tree ring, through the radius, with a precision of several micrometres. Combining these methods, we can measure ks, vulnerability to cavitation (VC) and wood density in exactly the same portion of wood. The first aim of this study is to test whether, in Douglasfir, there is a relationship between wood hydraulic properties (ks and VC) and wood density. The second objective is to estimate genetic variation of wood ks and VC. If there is genetic variation of ks and VC, then it could be possible to select genotypes with desirable hydraulic characteristics within the framework of a Douglas-fir breeding program. If we find that there is a relationship between hydraulic properties (ks and VC) and certain wood density traits, they could be used to indirectly select genotypes with advantageous hydraulic properties. In all cases, these results could help in the understanding of the role of wood density in the hydraulic properties of xylem,
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thus clarifying the role of wood density in adaptation to drought.



2 Materials and methods Douglas-fir trees used for this study belong to a clonal experimental trial installed in Orléans, France, by INRA. The 18-year-old trees belong to seven clones chosen from a total of 27 clones planted at the same site. Randomly selected clones had at least three healthy trees, not more than 4 m apart, in order to minimize within-clone environmental variation. In each tree, we measured total height (height) and stem circumference at breast height (circ). For each clone, three trees were felled during March 2008. Pieces of stem of 30 cm were cut at 0.10, 1.30 and 3 m from the base (hereafter “positions”). From each tree, we also cut a 60-cm piece next to the base of the stem (Fig. 1). All samples were soaked in plastic tanks filled with water in order to prevent water loss. Samples were sawn to: three discs per tree of 15 cm thickness and a piece of stem (initially 60 cm between 0.10 and 1.30 m) of 40 cm. All discs were used to measure specific hydraulic conductivity (ks) and microdensity variables. ks was measured in earlywood of tree rings 2005, 2006 and 2007, and in the same tree rings, microdensity profiles were obtained using the X-ray indirect method developed by Polge (1966) (Fig. 1). The 40-cm piece of stem was kept to make the vulnerability curves. Samples were kept wet during the cutting process and were immediately placed in large plastic containers filled with fresh water. All plant material was maintained in wet condition and in a cold chamber at 2°C to prevent cavitation. 2.1 ks measurements Immediately before doing the ks measurements, the 15-cm discs were sawn under water jet in a humid atmosphere in order to obtain a 5-cm-thick disc that was kept in water. To measure localized axial hydraulic conductivity in tree rings (ks) (Dalla-Salda et al. 2009), we used 2-mm-diameter veterinary needles, connected individually to the end of a water column using flexible plastic tubes. Three needles were carefully inserted with a rubber hammer into the earlywood of each ring, under water. The operation was repeated for three successive sapwood rings (2005, 2006 and 2007) in the three discs cut at three heights in each tree. ks was thus measured 27 times per tree (3 needles×3 rings× 3 discs ). To prevent air bubbles, the needles were filled with water using a thinner needle and a syringe. After inserting and filling the nine needles of a disc, we took the disc out of the water and connected only one of the



Adaptation to drought and wood density in Douglas-fir Fig. 1 Scheme showing the cutting method and sample’s destination. Three discs were taken from each tree (at 0.10, 1.30 and 3 m). In each disc, we measured specific hydraulic conductivity (ks) locally matching microdensity measurements. ks measurements were conducted in 2005, 2006 and 2007 tree rings. Vulnerability curves were constructed using 2007 tree ring from a piece of stem taken between the 0.10-m and the 1.30-m discs
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Axial specific hydraulic conductivity needles to the water column through a stopcock and laboratory tubing. The other extremity of the 120-mmlong column was connected to a micro-pipette (placed horizontally) allowing reading of the variation in water volume with time. The system was filled with distilled Phloxine coloured water, making reading easier and permitting permanent verification of dripping and absence of air bubbles. In addition, we could verify that coloured water really passed through the sample and arrived exactly at the other side, in the same portion of the ring where the needle was inserted. In all the cases, needles were installed avoiding compression of the wood. We assume that the samples were near water saturation, thus presenting a ks near maximum conductivity at the moment of measurement. This assumption was not only because all precautions were taken during sample manipulation but also because the trees were cut at the very beginning of a humid, cool, rainy 2008 spring following the 2007 growing season in Orléans, France, which was also especially humid and cool. Sapwood’s specific conductivity (ks) was calculated according to Darcy’s law: ks ¼



V Lh t  A  ΔP



where V is the volume of water that went through the sample (cubic metres), L is the sample length (metres), η is



the viscosity of water at the temperature at which the experiments were conducted (newton second per square metre), t is the time (seconds), A the cross-sectional area (square metre) of the sample (in this case it corresponds to the needle’s internal area) and ΔP is the pressure difference (pascals) between ends of the sample. ks was expressed in square metre as a consequence of separating the viscosity (η) from the driving agent in terms of a pressure difference. Thus, ks is determined only by wood structure and is independent of the nature of the fluid (Domec and Gartner 2002b). 2.2 Vulnerability to cavitation curves (VC) In order to obtain the pieces of wood compatible with the measuring equipment, we extracted four to six longitudinal portions from each trunk, splitting the trunk with an axe and a hammer, following the wood grain (Fig. 1). The 2007 tree ring was large enough to comprise the entire VC sample that is a 0.7×0.7×26.5-cm vertical stick. Samples were always manipulated in humid conditions using a shallow pan filled with water and kept in a cold chamber (2–3°C) when not in use. Three samples were cut and measured per tree. To establish the vulnerability curves, we used a CAVITRON (Cochard 2002; Cochard et al. 2005). This technique uses centrifugal force to lower xylem pressure in the sample and to induce a positive pressure gradient
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between sample ends and thus a flow of water through the sample. By measuring this flow, it is then possible to determine how the sample hydraulic conductance varies as the centrifugal force is increased (Cochard et al. 2005). In our case, samples were not saturated to restore maximum conductivity in order to avoid cavitation fatigue. Refilling may also leave behind small micro-bubbles that could nucleate cavitation during subsequent stress (Hacke et al. 2001b). Once the vulnerability curves were constructed, a nonlinear sigmoidal Boltzmann function was fitted to compute the percentage loss of conductivity (PLC) at tree level. Four parameters were calculated to describe PLC variation: the P12, P50 and P88 (value of the x pressure-axis of the curve with 12%, 50% and 88% loss of conductivity) and the maximum slope of the VC curve (located at the inflexion point), calculated according to Domec and Gartner (2001). The P12 value is termed the air entry point (Sparks and Black 1999) and is an estimate of the xylem tension at which pit membranes are overcome within the conducting xylem when cavitation starts. P50 is the point of 50% loss of hydraulic conductivity. Likewise, P88 represents the full embolism point and is interpreted as an approximation of the actual maximum tension of the xylem before failing and becoming non-conductive (Domec and Gartner 2001). As suggested by Sperry (1995), the slope can be considered as a measure of the xylem safety margin between P12 and P88.
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RW Fig. 2 Tree ring’s density values calculated from a microdensity profile of one typical Douglas-fir tree ring, showing ring width (RW), mean ring density (MRD), minimum ring density (MID), earlywood density (EWD), earlywood proportion (EWP), mean density of the first 100 within-ring microdensity values (SEQ) corresponding to the dark portion points, maximum ring density (MAD) and latewood density (LWD)



2.4 Statistical analysis 2.3 Microdensity variables The discs from 0.10, 1.30 and 3 m, after being used to measure ks, were sawn with a double-blade saw in order to obtain wood stripes precisely located next to the ks measurements. These were about 8 mm wide and 1.5 mm thick and as long as the sample radius. They were then oven-dried up to moisture equilibrium at 60°C and subsequently analysed by indirect X-ray microdensitometry (Polge 1966). The resulting X-ray films were scanned at 1,000 dpi resolution with 8 bits per pixel. The digitalized images were processed using WinDENDRO, Regent Instruments Inc. (Guay et al. 1992), obtaining a microdensity profile with a spatial resolution of 25 μm. The last step of the data process used a computer routine written in R language (R Development Core Team 2009) to assess the following ring variables: ring width (RW), mean ring density (MRD), minimum ring density (MID), maximum ring density (MAD), earlywood density (EWD), latewood density (LWD), earlywood proportion (EWP) and the mean density of the first 100 within-ring microdensity values (SEQ, i.e. the mean density of the first 2.5-mm-wide part of the earlywood). This last parameter was calculated from the point where the veterinary needle used to measure ks was inserted into the first 2.5 mm of the earlywood (Fig. 2).



2.4.1 Relationship between hydraulic properties and microdensity variables and growth traits (circumference and height) Circumference (circ) and tree height (height) were measured in all trees before tree felling. For each ks value, we have a microdensity value measured exactly next to it. All the ks measurements were used to study the association between ks and microdensity variables. To study the association between VC and microdensity variables, we used the microdensity variables computed in the 2007 tree ring sampled at breast height. In order to assess the relationships between growth traits and hydraulic variables, each hydraulic variable was averaged at tree level. Associations were computed at tree and clone levels. We used Pearson correlation coefficients that were computed using R software (R Development Core Team 2009). 2.4.2 Phenotypic and genetic variation of wood hydraulic properties: ks, P12, P50, P88 and slope The following model was used to assess the significance of the ks variation in positions (0.10, 1.30 and 3 m), years (tree rings) and clones. Logarithm of ks was used for normality
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assumption:



751 Table 1 Mean, phenotypic coefficient of variation (CVp), and minimum (min) and maximum (max) of analysed variables



yijh ¼ m þ ai þ bj þ # h þ ðabÞij þ ða# Þih þ ðb# Þjh þ "ijh where yijh is the ijhth logarithm of ks observed variable; μ is the overall mean; αi is the fixed effect of the ith position (0.10, 1.30 and 3 m); βj is the fixed effect of the jth tree ring, χh is the fixed effect of the hth clone; (αβ)ij, (αχ)ih and (βχ)jh are the corresponding interaction effects between position and tree ring, between position and clones and between tree ring and clone, respectively; and εijh is the random error. Note that for PLC variables and slope, measurements were taken only in the 2007 tree ring in a 40-cm-long sample taken below the breast height region. Thus, position and tree ring effects are not present as sources of variation. The following model was used to assess significant differences between clones for the parameters of the vulnerability curves (P12, P50, P88 and slope): yij ¼ m þ t i þ "ij where yij = ijth PLC observed variable, μ = overall mean, t i = fixed effect of the ith clone and εij = random error. 2.4.3 Phenotypic and genetic variation of microdensity variables: RW, MRD, MID, EWD, EWP, SEQ, MAD and LWD To quantify phenotypic variation in microdensity parameters, we separated the different sources of variation: position, tree ring and genetics. Through R (R Development Core Team 2009), we estimated tree ring (2005, 2006 and 2007), position and clone effects for all microdensity variables. To assess the significance of the variation in the microdensity variables, the following model was used: yijh ¼ m þ ai þ bj þ # h þ ðabÞij þ ða# Þih þ ðb# Þjh þ "ijh where yijh is the ijhth observed microdensity variable; μ is the overall mean; αi is the fixed effect of the ith position; βj is the fixed effect of the jth tree ring; χh is the fixed effect of the hth clone; (αβ)ij, (αχ)ih and (βχ)jh are the corresponding interaction effects between position and tree ring, between position and clones and between tree ring and clone, respectively; and εijh is the random error.



3 Results 3.1 General results on the study characters Table 1 shows general mean, coefficient of variation, and minimum and maximum values for growth traits, wood hydraulic properties and microdensity variables.



Mean Growth traits Circ (cm) 34.2 Height (m) 6.3 Hydraulic variables ks (m2) 4.56−12 P12 (MPa) −1.36 P50 (MPa) −2.48 P88 (MPa) −3.22 Slope 72.70 Microdensity variables RW (mm) 8.41 MRD (g/cm3) 0.43 MID (g/cm3) 0.22 EWD (g/cm3) EWP (%) SEQ (g/cm3) MAD (g/cm3) LWD (g/cm3)



0.32 73.31 0.26 0.84 0.70



CVp (%)



Min



Max



13.2 7.8



24 5.8



35.36 27.28 30.32 30.17 32.30



1.56−12 −1.80 −3.11 −3.93 45.85



28.80 14.19 21.09



1.34 0.30 0.15



16.51 0.69 0.49



17.38 17.04 24.31 8.02 9.97



0.19 34.72 0.17 0.47 0.36



0.68 94.06 0.69 0.97 0.85



42 7.3 1.03−11 −0.89 −1.91 −2.76 132.30



The date of measurement does not have any significant effect on ks nor on VC (data not shown), indicating that harvesting, storage and measurement methods can be accepted. Measured at three different positions (0.10, 1.30 and 3 m), ks was found to decrease significantly (pF)



F value



Pr (>F)



25.92 69.04 29.27 46.33 27.29 32.46 23.85 25.28
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