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Abstract • We present the longest tree-ring chronology (141 y) of Quercus ilex L. (holm oak), and discuss the species climate-growth relationships and the influence of stand density on tree sensitivity to climate. • Similarly to Quercus suber L., the most influential climatic variables upon holm oak growth were late spring and early summer precipitation, which enhanced growth, and high temperatures in the previous August and current July, which negatively aﬀected growth. • High density stands responded to similar climatic factors as low density stands, but their response was generally weaker. Holm oak sensitivity to climate has increased in recent decades, which might be related to increasing temperatures in the region. Sensitivity was higher in low density stands. Additionally, the eﬀect of summer stress on growth seems to have increased during the same period, similarly to other species in the Iberian Peninsula, suggesting that trees are more vulnerable to climatic changes. • Stand density could buﬀer the response to climate by smoothing climatic extremes. Nevertheless, the eﬀect of competition might reverse this positive eﬀect at the individual tree level. Precautions should be taken before providing management guidelines regarding the eﬀect of climate change and stand density on holm oak.



Mots-clés : chêne vert / dendroécologie / changement climatique / réchauﬀement / dehesas / cernes des arbres



Résumé – Variabilité des relations climat- croissance chez Quercus ilex L. dans des peuplements forestiers ouverts de diﬀérentes densités dans l’ouest de la péninsule Ibérique. • Nous présentons la plus longue chronologie de cernes (141 ans) de Quercus ilex L. (chêne vert) comme et nous discutons les relations climat-croissance chez cette espèce et l’influence de la densité du peuplement sur la sensibilité des arbres au climat. • De façon similaire à Quercus suber L., les variables climatiques les plus influentes sur la croissance du chêne vert ont été les précipitations de la fin du printemps et du début de l’été, qui ont augmenté la croissance, et les températures élevées d’août de l’année précédente et du mois de juillet de l’année, qui ont aﬀecté négativement la croissance. • Les peuplements de densité élevé ont répondu à des facteurs climatiques similaires que les peuplements de faible densité mais leur réponse a été généralement plus faible. La sensibilité du chêne vert au climat a augmentée au cours des dernières décennies, elle pourrait être liée à l’augmentation des températures dans la région. Cette sensibilité est plus élevée dans les peuplements de faible densité. En outre, le eﬀet du stress estival sur la croissance semble avoir augmenté au cours de la même période, de la même façon que pour d’autres espèces dans la péninsule Ibérique, ce qui suggère que les arbres sont plus vulnérables aux changements climatiques. • La densité du peuplement pourrait amortir la réponse au climat en lissant les extrêmes climatiques. Néanmoins, les eﬀets de la concurrence pourraient inverser cet eﬀet positif au niveau des arbres individuels. Des précautions doivent être prises avant de fournir, pour le chêne vert, des lignes directrices de gestion concernant les eﬀets du changement climatique et de la densité.
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1. INTRODUCTION



give diﬀerent insights (Cescatti and Piutti, 1998; Misson et al., 2003; Moreno and Cubera, 2008). Competition increases with stand density, which also buﬀers climate as compared to freegrowing trees, with precipitation, wind velocity, transpiration, vapour pressure and incident heat reaching the soil diﬀering in stands of diﬀerent densities (Kimmins, 1997). Many studies have demonstrated how climate-growth relationships can change over the life of a tree (e.g. Briﬀa et al., 1998; Carrer and Urbinati, 2006; D’Arrigo et al., 2008). In addition, recently an increase has been reported in the common variance shared among tree-ring chronologies of diﬀerent species from high elevations in the Iberian Peninsula as a consequence of climate warming (Andreu et al., 2007), and an increase in aridity in the East Mediterranean, with trees responding by taking up water from deeper soil layers (Sarris et al., 2007). Understanding past tree climate-growth relationships and their interactions with stand density are essential for future preservation of ecosystems and sustainable management. The objectives of our study were: (i) to analyse the possibility of using tree-like holm oaks (from the more xeric subspecies, Q. ilex ssp. ballota) from west Iberian open woodlands for dendroecological studies; (ii) to determine the relationship between tree-ring growth and climate in these open woodlands, comparing two diﬀerent scenarios of stand densities; and (iii) to assess whether climate warming has modified the climate-growth relationship or increased the species sensitivity to climate in the two mentioned density scenarios.



The diﬃculties encountered in tree growth studies under climates where winter cambial dormancy is not complete (such as the tropics and subtropics) or where there is probably a second cambial stop in summer (“double-stress”) as a consequence of drought (such as Mediterranean ecosystems) are well known (e.g. Cherubini et al., 2003; Fritts, 1976). Growth of trees in locations diﬀering in altitude is likely to be influenced by diﬀerent ecological limiting factors. In Mediterranean ecosystems, precipitation is the most limiting factor at low and mid-elevation sites; and the climatic signal in tree rings is likely to diﬀer from that at high elevation sites (more temperature-limited). Thus, understanding how species from diﬀerent elevation stands respond to climate is essential to infer future ecological behaviours and shifts in species distributions, and especially in drought-limited ecosystems with a future scenario of rising temperatures and decreasing precipitations (IPCC, 2007; Sumner et al., 2003). In Mediterranean ecosystems of Western Iberia, dendroecological studies on broadleaf trees are much less abundant than those in conifer ecosystems, particularly at high elevations (Génova et al., 1993; Richter et al., 1991). Lower elevation forests in this region, such as evergreen Quercus woodlands, are likely to withstand higher water stress; thus the climatic forcing is likely to diﬀer from that of forests growing at higher elevations. Quercus sp. (oaks) is a widespread genus in the Northern Hemisphere, and is the most important broadleaf genus in the Mediterranean region. Unlike the Mediterranean evergreen oaks, deciduous oaks have been widely used in dendrochronology (e.g. Rozas, 2005; Tessier et al., 1994). The most widespread evergreen oak species in the West Mediterranean is holm oak (Quercus ilex L). Its distribution ranges in latitude from Southern France to the Anti-Atlas in Morocco, and from the sea level to over 2500 m a.s.l. in the Atlas Mountains (Barbero et al., 1992; Rodá et al., 1999). This wide distribution confers upon the species great potential for dendroecology if tree rings can be correctly dated despite the presence of double and absent rings (e.g. Campelo et al., 2007; Nabais et al., 1998–1999; Zhang and Romane, 1991) or lack of clear ring boundaries. The few studies carried out on this species have focused on the more mesic subspecies Q. ilex ssp. ilex in the Northern Mediterranean (e.g. Cherubini et al., 2003; Zhang and Romane, 1991). The other less-studied subspecies, Q. ilex ssp. ballota, is distributed in Western Iberia and North Africa (Rodá et al., 1999). The species is considered to live several hundred years (Ruiz de la Torre, 1979). Nevertheless, the longest Q. ilex chronology in the literature is 65 y long (Cherubini et al., 2003). Silviculture can play a basic role in influencing the response of tree species to limiting factors, and the eﬀect of diﬀerent silvicultural scenarios and stand densities on tree growth response to climate is likely to be a key factor for forest preservation, particularly in the driest sites. The influence of tree density on the response of trees to climate and drought is not a straightforward issue, since diﬀerent approaches (e.g. ecophysiological, dendroecological, growth modelling) might



2. MATERIALS AND METHODS 2.1. Study site The study site (40◦ 37 N, 6◦ 40 W, 700 m a.s.l.) is located near the northwest slope of the Central Mountain Range in Spain (Fig. 1). The ecosystem consists of the typical dominant landscape in low and midelevations in the west Iberian Peninsula. The landscape is an agroforestry system (so-called “dehesa”) consisting of open woodlands of evergreen tree-like oak species, particularly Q. ilex and Q. suber L., which are most probably the result of intense human management (a combination of thinning, coppicing and seeding) on original closed mixed forests (Olea and San Miguel, 2006). This might further complicate dendroecological studies and their interpretation. Tree density is generally low, allowing the existence of an understory layer of herbaceous species (mostly annual grasses), shrubs or crops, which might compete with trees for resources (Olea and San Miguel, 2006). Density has not changed much during the last few decades in this human-transformed ecosystem (García del Barrio et al., 2004) and we found no signs of recent logging in any of the study areas. Climate data from the “Salamanca-Matacán” station (1945–2005) was used in the climate-growth analyses rather than data from nearer stations (Fuentes de Oñoro (FO; precipitation), Ciudad Rodrigo (CR; temperature)) as the records extend further back, and were highly correlated with records for the common period from closer stations (Pearson ρ > 0.8; Figs. 2A, 2B). However, a better description of the climate at the sampling sites can be gained from mean precipitation in FO (1967–2005), 609 mm, while in CR (1943–2005) the mean temperature was 13.2 ◦ C.
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Figure 1. Geographical locations of the chronologies and Gaussen diagram of the climate data. SALAM001 = Q. ilex chronologies (SAL001, SAL002, SAL003); see Table I for nomenclature of chronologies. Pmm = precipitation (mm); Tmean = mean temperature (◦ C).



Figure 2. Climatic data from meteorological stations: (A) mean annual precipitation of “Fuentes de Oñoro” and “Salamanca”; (B) mean annual temperature of the “Ciudad Rodrigo” and “Salamanca” stations; (C) mean annual precipitation of “Salamanca”; (D) annual maximum and mean temperatures of the “Salamanca” station.
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2.2. Sample characteristics Although some authors have cored young holm oaks (e.g. Cherubini et al., 2003; Zhang and Romane, 1991), with tree-like thick holm oaks it is necessary to analyse whole stem discs. Even in the exceptional case where there are very clear rings, the characteristic multiple thick parenchyma radii can interrupt the ring sequence (Cherubini et al., 2003; Fig. 3). In Spain, it is diﬃcult to obtain samples from old trees because holm oaks are protected. Trees were logged during the construction of a highway, and cross-sections were obtained at stump height (basal sections) and at 1.30 m. We decided to use basal sections, because all of them presented only one centre (sections at 1.30 m often presented multiple stems from the main branches after initial formation pruning), were generally less eccentric than sections at 1.30 m, and the rings were proportional at diﬀerent stem heights (Zhang and Romane, 1991). A total of 125 trees were sampled from 25 plots (see Gea-Izquierdo et al., 2008 for further detail on sample characteristics). Plot density ranged from 39.5 trees/ha to 210.4 trees/ha. Cross-sections were air-dried, sanded and polished (60 to 1200 grit). Only 115 holm oaks had at least one complete radius with visible rings and without rot. First, we selected a sub-sample of trees whose growth rings were clearly distinguishable (less than 50%) to build an initial chronology, that was finally reduced to the final 25 individuals (43 radii) used to construct the master tree-ring chronology SAL001 (Tab. I and Fig. 4). Tree rings were identified by their characteristic semi-ring-porous anatomy and ring boundaries, where darker latewood contrasts with lighter earlywood (Fig. 3). Continental sites such as the one used here tend to produce clearer rings than warmer locations (Cherubini et al., 2003). It is a common practice in dendrochronology to select only samples that clearly crossdate in order to maximise the common signal and reduce noise (Cook and Kairiukstis, 1990; Fritts, 1976), and particularly with Mediterranean species such as holm oak (Cherubini et al., 2003). Because there were no previous dendrochronological studies on this species in this ecosystem, we were particularly selective in choosing basal sections to build the chronology and establish the annual nature of tree rings (despite the intense management and climate). The estimated age of the selected samples was not significantly diﬀerent from the mean age of all samples. The fact that trees from diﬀerent stands were used in the chronology minimised the possible influence of pruning at stand level. We compared our Q. ilex chronology with diﬀerent Pinus sp. chronologies from the Iberian Central Mountain Range (Tab. II, Fig. 1 and International Tree-Ring Data Bank ITRDB: http://www. ncdc.noaa.gov/paleo/treering.html) which were used as reference chronologies to assure the existence of annual rings in SAL001. These chronologies were built with raw tree-ring width data from four locations and two species (P. sylvestris L., and P. nigra Arn), located at high altitude (1460–1630 m) forest sites in the Central Mountain Range (Tab. II; Fig. 1). The use of tree-ring chronologies of diﬀerent species is common in dendrochronoloy, e.g. to compare host and non-host species of insects (e.g. Huang et al., 2008; Swetnam et al., 1985), and a good crossdate between our holm oak chronology and those of pines would add strong evidence of annual ring formation in the studied holm oaks. Finally, we extended SAL001 to build two chronologies (SAL002 and SAL003) with trees from plots of diﬀerent stand density. These two chronologies included some extra trees from those already in SAL001, classified according to the stand density where trees were



growing (high, low; Table 1). SAL001 included trees from 12 plots of 108.0 trees/ha mean density; SAL002 included trees from 6 plots of density ranging from 39.5 to 80.4 trees/ha (mean 58.85 trees/ha, hence “low density chronology”); finally, SAL003 included trees from 9 plots of densities ranging from 119.8 trees/ha to 210.4 trees/ha (mean 167 trees/ha, hence “high density chronology”). SAL001 includes data from at least three crossdated radii (from two trees), whereas both SAL002 and SAL003 were limited to at least five radii, from three trees, for comparison purposes (Fig. 4).



2.3. Analyses Tree-ring widths were measured using LINTAB and TSAP software (Rinntech, 2003). The raw ring width curves were first plotted and checked visually, then crossdated by the Gleichläufigkeit (Glk), t-value and the crossdate index (CDI), which is a combination of the Glk and t-values (Rinntech, 2003), and finally verified using COFECHA (Grissino-Mayer, 2001). The same procedure was used to compare the holm oak master chronology (SAL001) with those built with the 4 datasets from ITRDB. Holm oak individual series were standardised by applying a spline function with a 50% frequency response of 32 y and the autocorrelation was removed using ARSTAN (Cook, 1985). Such a flexible spline (high-frequency smoothing) was used because our holm oak stands were managed and abrupt growth changes were expected from pruning and thinning (Briﬀa et al., 2002; Macías et al., 2006). Dimensionless ring width indexes (RWI) were computed for all series by dividing the observed raw ring width values by the fitted spline values. Detrended series were then averaged using a robust estimation of the mean. Residual chronologies were selected for further analyses (Cook, 1985). To study the relationship of the holm oak chronology with climate, we used Pearson correlation coeﬃcients and a response function using DENDROCLIM2002 (Biondi and Waikul, 2004). Climate data from 1945 to 2005 was used in the climate-growth relationship analyses because climate data before 1945 was not complete. The mean sensitivity (MS, a measurement of the relative diﬀerence from one tree ring to the next and thus the year-to-year variation) was analysed for the holm oak chronologies and for running windows of 30 y, as an indicator of the responsiveness of trees to environmental factors (Fritts, 1976; Kaennel and Schwreingruber, 1995). The stationarity and consistency of climate-growth relationships over time were further analysed using the Pearson correlation coeﬃcients for running windows of 30 y to check whether the growth-climatic relationship is constant over time or whether it responds to the changing climate in the last few decades, particularly warming. The critical alpha value was modified using the Bonferroni correction when calculating running correlations with annual precipitation, to account for dependence in the multiple-comparison running correlation analyses.



3. RESULTS 3.1. Population climate-growth relationships The months of maximum and minimum precipitation in the study area are May and November, and July and August, respectively. Inter-annual variability of summer precipitation was higher than that of summer temperatures because summers can be wetter or drier but they are always hot (Fig. 2). An
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Table I. Characteristics and main statistics of the mean studied chronologies: SAL001, SAL002, SAL003.
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Figure 3. Details of holm oak annual rings and ring anatomy. White triangles correspond to annual ring boundaries. (a) 0.98 mm; (b) 2.86 mm; (c) 5.00 mm aprox.



Figure 4. (A) Mean chronology and number of radii used; (B) SAL002; (C) SAL003; (D) growth indices of SAL001 and the highest correlated chronology (SPAIN014). Only the overlapping period is showed for comparison purposes.



increase in annual mean temperature and a slight decrease in precipitation have been observed in the region since the 1960s (Fig. 2). Although the decrease in precipitation was not significant, a consistent decrease in precipitation has been reported over the last few decades in west Iberia (Rodrigo and Trigo, 2007). Precipitation during the second half of the 19th century was lower than in the last decades of the 20th century,



whereas temperatures were higher. Summer precipitation does not seem to exhibit any trend during the last few decades (not shown). The main statistics for the holm oak chronologies are shown in Table I. SAL001 crossdated well with several pine chronologies from the surrounding mountain areas (Tab. II and Fig. 4D) which, together with the high correlations
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Table II. Data series used and source. Pearson correlation, Glk and CDI calculated between each series with SAL001 for the corresponding overlapping period. Data are archived at the ITRDB. Series name
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Figure 5. (A) Pearson correlation coeﬃcients between cumulative annual precipitation (1945–2004) and ring width index (dotted line) and raw ring width (solid line) of SAL001; (B) 30-y running mean sensitivity. Msx = mean sensitivity. The x-axis in (B) shows the mid-year of the 30-y period.



found between growth and climate, supports the hypothesis of distinguishable annual ring formation in the species (e.g. Cherubini et al., 2003). When analysing the correlation with accumulated annual precipitation, the highest correlations of ring width were with total precipitation of the current (ρ = 0.4417; p = 0.0004) and previous year (ρ = 0.3959; p = 0.0019, Fig. 5A). Maximum temperatures in summer and precipitation in spring and early summer were the most influential climatic factors for tree growth (Fig. 6), in accordance with the expected drought stress in the water-limited ecosystem studied. Minimum temperatures during the previous November and December were positively correlated with growth (Fig. 6D), whereas growth was reduced by high mean temperatures during the current July and previous August (Fig. 6B). Overall, climate variables in July showed the highest correlations with growth. Climate-growth relationships varied through the life of the holm oaks (Fig. 7). The link between tree growth and annual precipitation during the annual growth period seems to have become more pronounced since the 1960s, whereas the relationship with summer precipitation has decreased (Fig. 7A). Besides this decrease in the relationship with precipitation, summer temperatures are becoming more negatively correlated with growth as they warm (Fig. 7B). Tree sensitivity to climate has increased in recent years (Fig. 5B), although this sensitivity was still lower than in the second half of the 19th century, coinciding with the local minimum precipitation and maximum temperatures previously described.



3.2. Tree density influence on tree response to climate Correlation with annual mean precipitation was similar in SAL002 (ρ = 0.4391 for t; ρ = 0.4333 for [t + (t−1)]) and SAL003 (ρ = 0.4356 for t; ρ = 0.3996 for [t+(t−1)]), but there were some diﬀerences when studying the relationship with monthly climatic data (Fig. 6). The significant correlations of the two diﬀerent density chronologies with specific months for mean and minimum temperatures were the same as those significant in SAL001 (Fig. 6) but generally lower in SAL003 than in SAL002 (e.g. for July mean temperature, ρ = −0.3168 for SAL002, whereas ρ = −0.2413 for SAL003). Precipitation also followed the same rule (smoother correlations in SAL003), with the exception of November, which was significantly correlated only in high density stands (Figs. 6E, 6F), except in the 90s, when the correlation in low density stands approached that in high density stands (Fig. 7A). Finally, maximum temperature significant correlations were similar in both densities except for January and March, which were greater in the high density chronology. It is noticeable that the negative relationship with January maximum temperature has diminished during the last few years in both densities (Fig. 7B). 4. DISCUSSION 4.1. Population response to climate As has been previously demonstrated for shorter tree-ring chronologies, it is diﬃcult but possible to use holm oaks for
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Figure 6. Bootstrapped correlation (bars) and response function (lines) coeﬃcients between tree-ring indices and monthly climatic data from the previous year’s June to the current year’s December. Dark grey bars and white circles denote significant Pearson correlation and response function coeﬃcients, respectively (α = 0.05).



dendrochronology. Our results of good crossdating with pine tree-ring chronologies and the observed climate-growth correlations suggest that the temperate species rhythm (namely, cambial dormancy during winter) can be applied to Q. ilex in the studied location (Cherubini et al., 2003; Zhang and Romane, 1991). In this study we built the first chronology longer than 100 y for the species Q. ilex. The relationship



between growth and climate has changed over the life-span of the holm oaks in the 20th century, as has also been detected in other species under temperate climates (e.g. Carrer and Urbinati, 2006; Rozas, 2005) and in coniferous species in Spain (Andreu et al., 2007; Bogino and Bravo, 2008). Our results confirm that a similar increase in sensitivity to climate also aﬀects the broadleaf evergreen species at the
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Figure 7. Thirty-year running average correlations between: (A) tree-ring index and cumulative annual precipitation (year, year+year−1 ) and tree-ring index and July and November precipitation; (B) tree-ring index and July and the previous year’s August (t − 1) mean temperature. Horizontal dotted lines are statistical critical values (α = 0.05) using Bonferroni correction (α = α/31 = 0.0016). Pmm = annual precipitation; Tmean = mean temperature. Tmax = month maximum temperature. The x axis shows the first year of the 30-y period.



lower-mid-elevation site studied, which might also be extrapolated to other Mediterranean sites. The explanations for this sensitivity increase are diﬃcult to assess (D’Arrigo et al., 2008) but could be related directly or indirectly to climate change, namely warming and increasing aridity in Iberia. Our chronology begins in 1864, immediately after the end of the Little Ice Age (Guiot et al., 2005; Luterbacher et al., 2006). The climatic records show that there has been an increase in temperature after the 1970s, leading to temperatures similar to those of the late 19th century and first half of the 20th century, which could explain the high sensitivity values observed in the late 19th century (Fig. 5B). However, this period of high sensitivity could also be partly explained by lower replication in the beginning of the chronology coinciding with growth at young ages. Holm oak growth was mostly correlated with current and previous year precipitation, contrary to recent results in Pinus brutia Ten. from the eastern Mediterranean, where longer periods (5 y) were more significant (Sarris et al., 2007). The characteristic response to summer climate of Mediterranean ecosystems was expressed by the studied population. Spring-summer and previous December’s precipitation had a strong positive correlation with growth (Fig. 6A), similarly to Mediterranean deciduous Quercus species (Tessier et al., 1994). Nevertheless, there is no significant overall correlation between late-summer or early-autumn precipitation with growth, in accordance with results in other Mediterranean continental sites and contrary to those in milder locations (Cherubini et al., 2003) and in Mediterranean deciduous Quercus sp. (Tessier et al., 1994). The latter also show a significant positive response to late summer precipitation, therefore probably suggesting the existence of less water-stressed conditions (deciduous tree species tend to occupy more humid variants within the Mediterranean climate) and a less probable summer cambial stop. The high correlation of early summer precipitation with radial growth in holm oak is consistent with previous studies on the species under diﬀerent Mediterranean climates, although all the studies available are from more north-eastern locations (Cartan-Son et al., 1992;



Cherubini et al., 2003; Corcuera et al., 2004; Nabais et al., 1998–1999; Zhang and Romane, 1991). Probably, rainy winters and springs coincide with rainy summers (Pearson ρ = 0.58 between spring and July–August precipitation). The absence of greater correlations between growth and precipitation in spring than early summer (June–July) could also be explained by the fact that rain interannual variability is lower in spring (the rainy season), because trees indeed profit from spring precipitation. In addition, in this cool-wet location (for the species) holm oaks may be able to use July storm water despite high ETP rates (Rodá et al., 1999), when there is no competition from understory annual plants (dead in summer). Although this can vary with climate and site, shoot growth generally ceases in May–June (Castro-Díez and MontserratMartí, 1998; La Mantia et al., 2003). Thus, probably resources are first used primarily to build the photosynthetic tissues, and later diverted to xylem growth in order to increase water and nutrient uptake and transport, and tree structural resistance. Radial growth was also most negatively correlated with summer temperatures which, together with the previously described relationships with precipitation, reflect the characteristic drought stress in Mediterranean ecosystems, also present in deciduous Quercus species (Tessier et al., 1994). Severe drought and excessive heat seem to cause a decrease in future growth during the next year because of poor bud formation and/or carbohydrate accumulation during the previous autumn. The absence of frosts would favour late autumn-winter photosynthesis and increase carbohydrate storage for future growth (Miyazawa and Kikuzawa, 2005). This might be the reason for the positive correlation of minimum temperatures in November and December of the previous year. The reduction during the last few decades in the relationship of tree growth with July precipitation and the greater negative relationship with summer temperatures suggest that holm oaks are becoming more water-stressed in summer. This reaction is also similar to that of Pinus populations from mountain areas in eastern Spain (Andreu et al., 2007). In contrast, an increase in the relationship with precipitation triggered by the increase in summer water stress might have been expected,
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expressed by the increasing relationship with summer temperatures. However, this hypothesis being more unlikely, an alternative explanation might be the existence of an increase in competition with ageing of the stands, which would reduce the relationship with summer rain. We extend the discussion of the role of competition below. The absence of a longer climatic record prevents an analysis before the 1940s, but it might be thought that the climate-growth trend could be similar to that of sensitivity. The eﬀect of increasing temperature upon plants, in the absence of an increase in precipitation, increases ETP rates and water stress, which together with increasing CO2 concentrations (Raupach et al., 2007) are likely to aﬀect tree sensitivity and growth. Diﬀerent authors report diﬀerent responses to increasing CO2 concentrations, although in general relative radial growth increases in dry environments due to higher water-use eﬃciency (WUE) are expected (Hattenschwiler et al., 1997; Knapp et al., 2001; Soulé and Knapp, 2006; Tognetti et al., 2000). However, if ETP increases in Mediterranean ecosystems, water stress could dominate over the CO2 -induced WUE increase (if any), resulting in important changes in latitudinal and altitudinal shift of species distribution (Benito Garzón et al., 2008). Species growing at low elevations in the Mediterranean, like Q. ilex in this study, are likely to be most susceptible to suﬀering the negative effects of climate change as a result of the combination of predicted reduced precipitation (Sumner et al., 2003) and increasing temperatures (IPCC, 2007). In Western Iberia, evergreen oak woodlands of evergreen holm oak and/or Quercus suber (cork oak) dominate the landscape. Cork oaks in Portugal usually cease radial growth between December and February with diameter (xylem and bark) growth occurring all through the rest of the year (Costa et al., 2001; 2003), although this pattern might vary slightly between years and locations (Cartan-Son et al., 1992; Cherubini et al., 2003). It has also been observed that cork oaks in Portugal reach optimum growth (wood and cork) in June-July and growth is negatively correlated with August temperature, similarly to the relationships we observed. In southern Spain, holm and cork oaks generally enter dormancy twice (in winter and summer; J. Vázquez, personal communication). The occurrence of summer or winter-summer double cambial dormancy has been shown to diﬀer in other species and diﬀerent distribution areas in the Mediterranean, and it is also likely to vary in years with diﬀerent climatic conditions (Cherubini et al., 2003; Liphschitz and Lev-Yadum, 1986). Except in soils with high water accumulation, water is the most limiting factor for growth and its influence decreases with altitude in the Mediterranean region, with temperature showing the opposite trend. Cherubini et al. (2003) suggest that not all holm oak treering chronologies from diﬀerent locations necessarily share a climatic signal and therefore they might express diﬀerent responses to climate.



4.2. Tree density influence on tree response to climate The tree response to climate is partly modified by competition, which can be controlled by management (Cescatti and



Piutti, 1998; Misson et al., 2003). Our holm oak population exhibited a certain amount of plasticity to climatic changes, and plasticity increased when comparing the diﬀerent density scenarios. Correlation with maximum temperature in early and late winter, and with November precipitation, were stronger in high density than in low density stands, suggesting a longer growing season. In high density stands, rings were narrower, and ring boundaries less clear (Tab. I; Gea-Izquierdo et al., 2009). The eﬀect of competition and greater rainfall interception in high density stands was probably reflected in their lower correlation with early summer precipitation. However, the smaller negative correlations with summer temperatures in high density stands also suggest that, in spite of higher competition and probably consequent worse water status in individual trees (Moreno and Cubera, 2008), they might be likely to smooth to some extent the response to increasing temperature (Martín-Benito et al., 2008), at least in the cool-wet site analysed. In addition, the low density stands have been changing the relationship with the late autumn-early winter climate in the last few decades (Fig. 7), most probably reflecting an expansion of the growing season or higher photosynthetic rates during those months. Photosynthesis start and stop are gradual processes (Berninger, 1997); thus some of the relationships described with late autumn or winter climate variables might be responding to photosynthetic activity. Our studied location can be considered as a mesic site for the studied species, and the climate-growth relationships are likely to diﬀer from those in drier sites, as suggested by Moreno and Cubera (2008) analysing ecophysiological variables. The reduction of stand density through thinning has been suggested to increase the resistance of individual trees to drought stress and the extent of this diﬀerential response changes within the same species along climatic gradients (Misson et al., 2003; Moreno and Cubera, 2008). However, we consider that this conclusion should not be extrapolated to generalise that open stands are always desirable. In our site, density aﬀects the climate-growth relationship, but it is diﬃcult to assess whether higher densities could be more resistant to increased drought in the long term at the stand level. We consider that a more careful overall analysis of the ecosystem should be done before providing management guidelines which suggest opening the closed stands (as humans have done in the past) in this degraded, threatened ecosystem. Natural ecosystems in dry environments, such as natural savannas, tend to reduce density in response to decreasing precipitation, which has also been suggested as a hypothesis for the ecosystem studied (Joﬀre et al., 1999). However, this ecosystem was most likely primarily a closed forest, and opening of stands by humans in the past pursued the creation of silvopastoral use rather than ecosystem conservation. Today other goals such as multipurpose management exist as a consequence of socioeconomic changes. Denser stands than those currently dominating the landscape might result in improvements for the microclimate (i.e. for regeneration, Pulido and Díaz, 2005) and soil protection, which might prevail over individual tree status and competition when providing management guidelines, even if higher risk of individual dieback might occur (Peñuelas et al., 2001; Rodá et al., 1999).
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The consequences of climatic change for species growth and distribution need to be closely monitored, particularly in water-limited regions and degraded soils like those found in many locations along the Mediterranean. If warming continues and certain thresholds are exceeded, trees might not be able to adapt as they seem to be currently doing, as shown by their increase in sensitivity and possible growing season length adaptations. Therefore, abrupt changes in species distribution following an increase in temperature and ETP in the Mediterranean are likely to be expected (Benito-Garzón et al., 2007). Management should adapt to this climatic variability, through stand competition management and/or favouring the establishment of more adapted species to the expected climatic scenarios. This could be done by selecting between the rich pool of native Quercus sp. found in the region or by favouring a probably more natural combination of mixed native conifers and broadleaf trees. Much research is still required to properly address these important issues.



5. CONCLUSIONS In this study we have built the first Q. ilex chronology longer than a century. It is additionally important as one of the few mid-/low elevation and first evergreen hardwood chronologies from West Iberia. Quercus ilex sp. ballota sensitivity and radial growth response to climate varies with changing climate, as previous studies have shown in other species. Evergreen oak forests in western Iberia are positively aﬀected by late spring and early summer precipitation and negatively aﬀected by high temperatures in summer, similarly to deciduous Mediterranean oak forests. Summer climatic conditions have become a greater stress on growth, probably as a consequence of recent warming, whereas the growing season could be expanding. Management might play, to a certain extent, a role in mitigating climate change through, e.g., stand density. Our higher density stands exhibited a smoother response to climate, and to a certain extent seemed to be able to buﬀer their response to climate warming. Whether our results are comparable with those from warmer and/or drier locations also occupied by holm oak remains to be analysed. The diﬀerences observed for diﬀerent densities should be carefully regarded and complemented with other studies to obtain directions for management of these woodlands. Acknowledgements: We gratefully acknowledge all authors that provided data to the ITRDB. E. Garriga thoroughly processed the samples. E. Gill revised the English and made helpful remarks. R. Calama, L. Cruz and PyG facilitated the contacts to obtain holm oak samples from Salamanca. Climatic data was provided by the Spanish National Meteorological Institute. Two anonymous reviewers helped to increase the quality of the final version.
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