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Hydraulic efficiency and coordination with xylem resistance to cavitation, leaf function, and growth performance among eight unrelated Populus deltoides3Populus nigra hybrids
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Abstract Tests were carried out to determine whether variations in the hydraulic architecture of eight Populus deltoides3Populus nigra genotypes could be related to variations in leaf function and growth performance. Measurements were performed in a coppice plantation on 1-year-old shoots under optimal irrigation. Hydraulic architecture was characterized through estimates of hydraulic efficiency (the ratio of conducting sapwood area to leaf area, AX:AL; leaf- and xylem-specific hydraulic conductance of defoliated shoots, kSL and kSS, respectively; apparent whole-plant leaf-specific hydraulic conductance, kplant) and xylem safety (water potential inducing 50% loss in hydraulic conductance). The eight genotypes spanned a significant range of kSL from 2.63 kg s21 m22 MPa21 to 4.18 kg s21 m22 MPa21, variations being mostly driven by kSS rather than AX:AL. There was a strong trade-off between hydraulic efficiency and xylem safety. Values of kSL correlated positively with kplant, indicating that highpressure flowmeter (HPFM) measurements of stem hydraulic efficiency accurately reflected whole-plant water transport efficiency of field-grown plants at maximum transpiration rate. No clear relationship could be found between hydraulic efficiency and either net CO2 assimilation rates, water-use efficiency estimates (intrinsic wateruse efficiency and carbon isotope discrimination against 13C), or stomatal characteristics (stomatal density and stomatal pore area index). Estimates of hydraulic efficiency were negatively associated with relative growth rate. This unusual pattern, combined with the trade-off observed between hydraulic efficiency and xylem safety, provides the rationale for the positive link already reported between relative growth rate and xylem safety among the same eight P. deltoides3P. nigra genotypes. Key words: high-pressure flowmeter (HPFM), hydraulic architecture, hydraulic conductance, relative growth rate, trade-offs, water relations, water-use efficiency, xylem vulnerability to cavitation.
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Introduction In higher plants, leaf water relations and ultimately growth are theoretically linked to plant hydraulic properties. This comes about because water flow through higher plants at steady state is generally well described by the Ohm’s law analogue (Meinzer, 2002) E ¼ gs 3VPD ¼ kplant 3ðwS wL Þ



ð1Þ
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where E is the leaf transpiration rate, gs is the leaf stomatal conductance to water vapour, VPD is the leaf to air vapour pressure difference, kplant is the leaf-specific hydraulic conductance of the whole plant, and WS and WL are the water potentials of the soil and the leaf, respectively. Experimental evidence suggests that the coordination between the liquid and vapour phase actually manifests at different scales. Within a given plant, numerous studies have demonstrated the active response of gs to artificial modifications of kplant (Meinzer and Grantz, 1991; Sperry et al., 1993; Pataki et al., 1998; Hubbard et al., 2001; Cochard et al., 2002). Across species, there is evidence that more efficient water transport at stem or leaf level allows both higher gs and photosynthetic capacities as estimated from electron transport rates (Brodribb and Feild, 2000; Brodribb et al., 2002, 2005) or net CO2 assimilation rates (Santiago et al., 2004; Brodribb et al., 2007; Zhang and Cao, 2009). Further, maximum leaf hydraulic conductance has been found to be coordinated across species with leaf structure and stomatal pore area index (SPI¼stomatal density3guard cell length2) (Sack et al., 2003, 2005), both of them influencing CO2 diffusion within leaves and photosynthesis via mesophyll structure and stomata morphology. However, even if between-species comparisons indicate that high hydraulic efficiency is coordinated with a spectrum of leaf traits involved in carbon and water relations promoting faster growth, only a handful of studies have explicitly addressed the relationship between hydraulic efficiency, leaf traits, and growth performance at the intraspecific scale (Vander Willigen and Pammenter, 1998; Ducrey et al., 2008). Given the tight link between hydraulic efficiency and gas exchange rates, a relationship with water-use efficiency (WUE), a composite trait reflecting the balance between carbon gain and water loss, might also be expected. However, results gathered from between-species comparisons are conflicting. Recent comparisons of C3 and C4 species with consistently large differences in WUE have indicated that more water-use efficient C4 species displayed lower leaf-specific hydraulic conductivity (Kocacinar and Sage, 2003, 2004; Kocacinar et al., 2008). Other studies covering a broad range of species have reported similar trends between hydraulic efficiency and WUE (Sobrado, 2000; Drake and Franks, 2003; Sobrado, 2003; Santiago et al., 2004), although such a relationship may be opposite (Campanello et al., 2008) or absent (Preston and Ackerly, 2003; Edwards, 2006), possibly reflecting species-specific water-use strategies in different habitats. Actually, the link between WUE and hydraulic



efficiency remains poorly documented and unclear at the intraspecific scale (Panek, 1996; Ducrey et al., 2008; Martı´nez-Vilalta et al., 2009). Beside hydraulic efficiency, xylem resistance to droughtinduced cavitation is another key parameter for understanding the role of hydraulic architecture in leaf and whole-plant function (Sperry et al., 2002). Functional coordination between xylem resistance to cavitation and leaf function may occur indirectly (Maherali et al., 2006) through the combined effect of E and kplant in determining the water potential drop from the soil to the leaves (DW) (see Equation 1). Indeed, large DW generated by high E and/or low kplant requires the construction of a safer xylem to prevent increased risks of embolism, and this generally translates into a trade-off between hydraulic efficiency and xylem resistance to cavitation. Therefore, the unique design of both kplant and resistance to cavitation within a plant is supposed to be optimized so as to meet the conflicting balance between evaporative demand and safety from hydraulic failure (Tyree et al., 1994). Poplar species (Populus spp.) are widespread in the northern hemisphere and are known to be among the most superior angiosperm woody species in terms of growth rates under temperate latitudes (Heilman et al., 1996). Because of large and positive heterosis effects for growth, poplar cultivation relies largely on the selection and the deployment of interspecific hybrids such as Populus deltoides Bartr. ex Marsh.3Populus nigra L. Previous experiments undertaken on P. deltoides3P. nigra genotypes have reported significant variation in juvenile growth potential and traits related to leaf water and carbon economy, including structural traits such as specific leaf area (SLA) or stomatal density, as well as functional traits such as leaf gas exchange rates and WUE (Marron et al., 2005; Monclus et al., 2005, 2006). More recent work has demonstrated that this suite of traits correlated with differences in xylem vessel anatomy (Fichot et al., 2009), suggesting that one key to understanding the differences in growth behaviour and whole-plant water use may be vascular physiology. The hypothesis that the hydraulic architecture is coordinated with leaf structural and functional traits as well as growth potential was tested in P. deltoides3P. nigra. To answer this general objective, eight genotypes already known for differing widely in water use, growth behaviour, and xylem hydraulics (Monclus et al., 2005, 2006; Fichot et al., 2009, 2010) were selected. Measurements were performed on clonal copies of the eight genotypes grown in an open-field common garden under optimal irrigation, and included hydraulic traits (e.g. whole-stem and wholeplant hydraulic conductance, sapwood to leaf area ratio, and xylem resistance to cavitation), leaf structural and functional traits (e.g. gas exchange, WUE estimates, and SPI), and growth-related traits (relative growth rate). Specific objectives were to (i) examine the extent of genotypic variations in hydraulic efficiency; (ii) test the occurrence of a trade-off between hydraulic efficiency and



Hydraulic architecture and whole-plant function in poplar | 3 of 14 xylem resistance to cavitation; (iii) investigate the coordination of hydraulic efficiency with leaf gas exchange, WUE, and stomatal traits; and (iv) investigate the coordination between hydraulic efficiency and whole-plant growth performance.



Materials and methods



High-pressure flowmeter (HPFM) measurements Measurements of shoot hydraulic conductance were performed in the first 2 weeks of June in 2007 and 2008 to minimize genotypic differences in overall shoot size. Dominant shoots were selected over the two plots and at least one shoot of each genotype per block was sampled. Shoots were collected in batches of 4–6 so that subsequent hydraulic measurements were completed within a maximum of 2.5 h after sampling. In the field, individual leafy shoots were cut at their base with pruning shears. To minimize xylem tension at the time of sampling, tap water was sprayed on transpiring leaves. The cut ends of the shoots were immediately immersed in water and shoots were transported to a nearby glasshouse. The cut ends of the shoots were refreshed under water with a fresh razor blade and connected to the hydraulic apparatus for measurement via a compression fitting.



Xylem resistance to cavitation Data for xylem resistance to cavitation were obtained from a previous study performed on the same field trial (Fichot et al., 2010). Briefly, five dominant shoots per genotype (one per block) were sampled on the well-watered plot at the end of the 2008 growing season and were processed as described in Fichot et al. (2010). The recently developed Cavitron technique (Cochard et al., 2005), an method adapted from the centrifuge technique (Alder et al., 1997), was used to generate vulnerability curves. The xylem tension causing 50% loss in hydraulic conductance (W50) was derived from these curves and used as an index of the resistance to xylem cavitation (Fichot et al., 2010). Leaf gas exchange, water potentials, and whole-plant hydraulic conductance Net CO2 assimilation rate (A, lmol m2 s1), stomatal conductance to water vapour (gs, mmol m2 s1), and transpiration rate (E, mmol m2 s1) were assessed the same day for all genotypes using a portable gas exchange system (LI-6200; Li-Cor) between 11:00 h and 13:00 h local time in July 2008, as described in Fichot et al. (2010). Measurements were made on one fully illuminated mature leaf (foliar rank of 15 or 16 counting from the first top leaf exceeding 20 mm in length) on the main shoot of one individual per genotype per block (n¼5 per genotype). Leaf temperature (mean 27.660.2 C), VPD (mean 1.760.1 kPa), and photosynthetic photon flux density (1378655 lmol s1 m2) matched ambient conditions. The leaves were allowed to equilibrate inside the chamber for 20 s before measurements were taken. Intrinsic



Downloaded from jxb.oxfordjournals.org at INRA Institut National de la Recherche Agronomique on December 30, 2010



Plant material and experimental design Experiments were performed in 2007 and 2008 on eight fieldgrown P. deltoides Bartr. ex Marsh3P. nigra L. genotypes already known for differing in water use, growth behaviour, and xylem hydraulics (‘Agathe_F’, ‘Cima’, ‘Eco28’, ‘Flevo’, ‘I45-51’, ‘Luisa_Avanzo’, ‘Pannonia’, and ‘Robusta’) (Monclus et al., 2006; Fichot et al., 2009, 2010). The plantation was located at Orle´ans (central France) within the INRA research station of Forest Genetics (4746’ N, 152’ E, 110 m a.s.l.) and was set in June 2006 from 0.25 m long hardwood cuttings, on a loamy sand soil (pH 5.9) without addition of fertilizer. The experimental design consisted of a 250 m2 coppice plantation split into two twin plots established 15 m apart from each other and separated by a noman’s land. Each plot was made up of eight north–south oriented rows and was divided into five complete randomized blocks with three individuals of each genotype per block. The initial spacing between individuals was 0.75 m within rows and 1.20 m between rows, accommodating an overall density of ;11 000 plants ha1. A border row of the cv. ‘Mellone_Caro’ was planted around each plot to minimize edge effects. All plants were cut back at the end of 2006 and 2007 to create a coppice system. All experiments were carried out in 2007 and 2008; each year, bud-flush occurred synchronously within the first 2 weeks of April. Environmental conditions (cumulative precipitations, temperature, and potential evapotranspiration) were recorded on an houly basis during the two years using a meteorological station (Xaria, Degreane Horizon, Cuers, France) located in the field site. The mean annual temperature was 11.2 C and 10.5 C in 2007 and 2008, respectively, the coldest month being December (3.8 C and 2.1 C, respectively) and the warmest, July (17.7 C and 18.5 C, respectively). The cumulative annual precipitation was 796 mm in 2007 and 532 mm in 2008, with ;50% occurring during the growing period (April–September). For both years, irrigation was performed using overhead sprinklers and was designed to meet the evaporative demand (i.e. 4.5 mm were sprinkled every time cumulative evapotranspiration reached 4 mm). However, in 2008, one of the two plots served as a water deficit experiment by withholding irrigation from 18 June to the end of the growing season, as described in detail in Fichot et al. (2010). Therefore, all measurements performed in 2008 after 18 June were conducted on the irrigated plot only.



Measurements of hydraulic conductance were performed using a home-made HPFM (see Tyree et al., 1995) under glasshouse irradiance conditions between 07:00 h and 17:00 h solar time. Since the hydraulic conductance of leaves is prone to rapid irradiance-induced variations (Tyree et al., 2005; Cochard et al., 2007a), only values of stem hydraulic conductance are reported in this study. Measurements were performed in the quasi-steady-state mode (i.e. maintaining the pressure applied approximately constant). Shoots were first perfused with degassed and filtered (0.1 lm) ultra-pure water at a pressure of 0.3 MPa (P) until water dripped from the stomata, which typically took 20–30 min. This was assumed to be sufficient to ensure zero water potential in the whole shoot and to dissolve air bubbles from potentially embolized xylem vessels. The hydraulic resistance of the stem (rS) was then recorded after severing all leaves following the procedure described by Yang and Tyree (1994). Water flow rate (F, kg s1) was recorded every 4 s until values stabilized (i.e. coefficient of variation 
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