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Abstract The summers of 1994 and, to a lesser extent, 1998 were particularly dry in eastern Spain. As a result, several plant species were severely affected. We estimated drought-induced mortality in several populations of three pine species that co-exist in the study area (Pinus nigra, P. pinaster and P. sylvestris). Hydraulic conductivity, vulnerability to xylem embolism, and tree-ring width were also measured for each population. Results showed that mortality only affected P. sylvestris, and that there were signi®cant differences between two populations of this species. Although maximum hydraulic conductivity and vulnerability to embolism were almost identical among species and populations, they differed in other aspects of their hydraulic architecture. In particular, (1) hydraulic conductivity per unit of leaf area was lower in the most acutely affected P. sylvestris population. Lower leaf speci®c conductivity causes higher water potential gradients and, hence, higher levels of embolism (if vulnerabilities are alike). We suggest that this difference was the main cause of the observed mortality pattern. (2) P. pinaster showed higher water-use ef®ciency (WUE) (inferred from d13 C data) than the other two species. Regarding the response to drought at the population level, the most affected P. sylvestris population slightly increased growth after the 1994 drought, which we relate to a relaxation of competition among surviving individuals. The important drought-induced mortality observed in the study area suggests that drier climate (as predicted by climate change simulations) may endanger several P. sylvestris populations in the Mediterranean basin. # 2002 Elsevier Science B.V. All rights reserved. Keywords: Climate change; Drought-induced mortality; Hydraulic architecture; Leaf speci®c conductivity; Pines; Xylem embolism



1. Introduction Climate models predict that, for the western Mediterranean basin, temperatures will rise 3±4 8C during the next century (Rambal and Hoff, 1998). These simulations also predict, for the same period, a decrease in annual rainfall of 43±110 mm, 2±56% of this reduction occurring in summer. This trend has *
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been already observed in NE Spain for the XX century by direct analysis of climatic series (PinÄol et al., 1998). On the whole, an increase in the frequency and intensity of extreme droughts is expected (Houghton et al., 1996). In the summer of 1994, eastern Spain experienced one of the most severe droughts ever recorded (Fig. 1). As a consequence, several plant species experienced an extensive mortality (Lloret and Siscart, 1995). In 1998 another, less acute drought affected the same area (Fig. 1), again causing the death of some adult trees. These two summers were the driest of the
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Fig. 1. Meteorological data from Poblet station (12 km from the study area, 500 m a.s.l.). Accumulated precipitation and mean temperature, from January to August, are shown.



decade in NE Spain and besides tree death they were characterised by being the worse wild®re seasons in this period (PinÄol et al., 1998; and unpublished results). Among the commonest forest species in NE Spain, Quercus ilex L. and Pinus sylvestris L. were particularly badly affected. Q. ilex was able to recover partially by means off crown-resprouting, but affected individuals of P. sylvestis died. P. sylvestris is the most widely distributed of all pine species. Its distribution comprises almost the whole of the Palearctic Region, from 88W to 1418E and from 37 to 708N. Although most populations are in the boreal zone, some occur in moderately arid climates in the Mediterranean Region, from the Iberian Peninsula to Turkey (BarbeÂro et al., 1998). The south±western limit of the species is in the Iberian Peninsula, with important populations in the Pyrenees and several scattered southern, more arid localities (Castroviejo et al., 1986). On the other hand, P. nigra Arnold and P. pinaster Aiton are typically Mediterranean pines. These two species are distributed over mountainous areas of southern Europe and northern Africa, and although they co-exist with P. sylvestris in several regions, they tend to occupy drier areas (BarbeÂro et al.,



1998). The drier limits of the distribution of species such as P. sylvestris, that live mostly in humid environments are the ®rst places to look for the effects of increased aridity. The capacity of plants to cope with water stress depends on several factors, in particular: (1) rooting extension and depth; (2) regulation of transpiration; and (3) hydraulic architecture, which establishes the capacity of plants to satisfy water demands with the available resources (Tyree and Ewers, 1991). Although traditionally less studied, the last of these factors, in particular vulnerability to xylem embolism, is nowadays receiving increasing attention (Tyree and Sperry, 1989; Tyree et al., 1994). As a result, evidence supporting the idea that plant species tend to live close to the limit of their hydraulic capacity is increasing. This is especially true for species that live in arid areas, where the different components of hydraulic architecture combine to produce a fairly precise form of `tuning' between a plant's hydraulic capacity and the range of drought conditions it experiences (e.g. Kolb and Sperry, 1999). This study deals with effects of the 1994 and, to a lesser extent, 1998 droughts on several pine populations at a locality in north-eastern Spain. In this area, P. sylvestris has an important but isolated population (nearest population at ca. 80 km) that co-exists with two other pine species (P. nigra and P. pinaster). The underlying hypothesis of the study is that differences in mortality among localities and species are the consequence of differences in the hydraulic architecture of pines. The three main objectives are (1) to quantify the drought-induced mortality in populations of these three pines, and in different P. sylvestris populations; (2) to relate the observed mortality pattern with several hydraulic architecture components; and (3) to determine the consequences of the droughts for tree growth. 2. Material and methods 2.1. Study area and plant material The studied populations are located in the Prades Mountains, NE Spain (418130 N, 08550 E), between 865 and 1060 m a.s.l. The climate is Mediterranean, with moderate rainfall (annual mean of 537 mm for the
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1981±1995 period) and moderately warm temperatures (10.0 8C mean at Prades, 1000 m a.s.l.). The substrate consists of fractured schist, and soils are xerochrepts with clay loam texture. Additional information about the study area can be found in Hereter and SaÂnchez (1999). We studied pines located on south-facing slopes of two valleys, Castellfollit and Titllar. These two valleys are approximately 2 km apart. In Castellfollit, we studied a mixed forest of Pinus sylvestris and P. nigra, and a monospeci®c P. pinaster plantation. In Titllar, the only pine present was P. sylvestris. In this valley, pine mortality was also measured in a north-facing population to check for possible aspect effects. All populations were at least 150-years-old (Bosch, 1995) except the P. pinaster plantation, which was approximately 40-years-old. In all cases, pines composed the tree layer almost exclusively. 2.2. Transects We used belt transects to estimate pine mortality that had occurred over the previous decade. We attributed mortality to drought because after periodic visits to the study area dying trees were detected only during the extreme drought of 1994 and the moderate one of 1998. Although no direct stress measurement was available for the studied species, the monitoring of another affected species (Quercus ilex) in the same area during the summer of 1994 con®rmed that drought was responsible of the observed tree die back (Gracia et al., 1999). Transects were carried out in April 1999 on the south- and north-facing slopes of the Titllar Valley, and on the south-facing slope of the Castellfollit Valley. We did not estimate mortality of the P. pinaster plantation. In all transects we maintained aspect and progressed in altitude. Inside each plot, we counted all live and (recently) dead individuals and measured the DBH of those >15 cm in perimeter. We aggregated the 1994 and 1998 mortalities because in some cases it was impossible to decide whether the tree had died in 1994 or in 1998. Nevertheless, most of mortality, >90%, occurred in 1994. 2.3. Annual rings We estimated growth by measuring the width of annual rings. Four to six trees with DBH >15 cm were
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sampled in each population. In the Titllar Valley, we sampled both individuals that died in 1998 and surviving ones. In Castellfollit only live individuals were sampled because too few pines that had died in 1998 were present. It was impossible to measure trees that died in 1994 because their wood was too far decomposed. Cores were extracted at breast height from the south face of each tree, and they were airdried in the lab. We measured, to a precision of 0.01 mm, the total width of each annual ring corresponding to the last 10 years using a binocular microscope, a linear table attached to a PC, and the programme CATRAS (Aniol, 1983). Ring widths were standardised against the total diameter of the tree (relative ring width). 2.4. Hydraulic conductivity and vulnerability curves During the spring of 1999, we sampled one branch from 10 trees of each studied population (except P. sylvestris in Titllar-N). The same branches were used for the hydraulic and isotopic measurements. Branches were transported to the lab in plastic bags. Once in the lab, we cut a segment from the proximal end of each branch and stored them at 4 8C until their vulnerability curves were established in less than a week. All leaves distal to the segment were removed and their total area measured (with a Li-Cor 3100 Area Meter). Hydraulic conductivity was measured following Sperry et al. (1988). We cut branch segments of ca. 20 cm length and a diameter of 0.5±1 cm, removed their bark, and connected their proximal end to a tubing system. The system was ®lled with a ®ltered ( ˆ 0:22 mm) and degassed solution of HCl (pH ca. 2). We calculated hydraulic conductivity (Kh, in m4 MPa 1 s 1) as the ratio between the ¯ow through the segment and the pressure gradient (DP ˆ ca: 6 kPa). The ¯ow was measured gravimetrically. In order to obtain the maximum hydraulic conductivity, we previously injected the measure solution at high pressure (ca. 100 kPa) to remove all native embolisms from the segment. We also calculated speci®c hydraulic conductivity (Ks, in m2 MPa 1 s 1), as the ratio between maximum hydraulic conductivity and mean section of the segment (without bark); and leaf speci®c conductivity (Kl, in m2 MPa 1 s 1), as the quotient between maximum hydraulic conductivity
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and leaf area. Finally, we calculated the ratio between mean section and leaf area (As:Al, Zimmermann, 1983) of each branch segment. Vulnerability curves show the relationship between water potential (or pressure) in the xylem and percentage loss of hydraulic conductivity (PLC) due to embolism. We used the air injection method (Cochard et al., 1992; Sperry and Saliendra, 1994) to establish the curves. This method has been validated for several species, including conifers (Sperry and Ikeda, 1997). Brie¯y, we put segments (four each time) inside a pressure chamber with both ends protruding. Proximal ends were connected to the measuring circuit, and maximum hydraulic conductivity was measured. Next, we raised the pressure inside the chamber to 1 MPa and maintained it during 10 min, lowered the pressure to a basal value of ca. 10 kPa, waited 15 min to allow the system to equilibrate, and repeated the conductivity measurement. We repeated this process, raising the injection pressure by 1 MPa each time, until the actual conductivity of the segment was 
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