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Abstract

:

Extreme drought events are becoming increasingly frequent and extended, particularly in Mediterranean drought-prone regions. In this sense, atmospheric oscillations patterns, such as those represented by the North Atlantic Oscillation (NAO) index and the Westerly Index (WI) have been widely proven as reliable proxies of drought trends. Here, we used the Standardized Precipitation–Evapotranspiration Index (SPEI), as a reliable indicator of drought, to investigate the drought sensitivity of tree-ring width data (TRW) from several long-lived tree species (Abies borisii-regis, Abies cilicica, Abies pinsapo, Cedrus atlantica, Cedrus libanii, Pinus nigra, Pinus heldreichii). NAO and WI relations with TRW were also investigated in order to identify potential non-stationary responses among those drought proxies. Our temporal and spatial analyses support contrasting Mediterranean dipole patterns regarding the drought sensitivity of tree growth for each tree species. The spatial assessment of NAO and WI relationships regarding SPEI and TRW showed on average stronger correlations westward with non-stationary correlations between annual WI index and TRW in all species. The results indicate that the drought variability and the inferred drought-sensitive trees species (e.g., C. atlantica) are related to the NAO and the WI, showing that TRW is a feasible proxy to long-term reconstructions of Westerly Index (WI) variability in the Western Mediterranean region. Spatial variability of drought severity suggests a complex association between NAO and WI, likely modulated by an east–west Mediterranean climate dipole.
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1. Introduction


Climate change-related drought events are becoming increasingly frequent and extended [1]. The influence of climate change on drought variability is particularly significant in drought-prone regions, such as the Mediterranean Basin, a biodiversity hotspot where warming and increasing droughts frequency are expected over the 21st century [2]. The Mediterranean mountains have a complex climatology due to the situation of transition between arid climates in the south to temperate climates in northern forests [3,4,5,6]. Thus, the predicted changes in drought trends are linked to shifting atmospheric circulation patterns with contrasting impacts at the regional scale, such as the North Atlantic Oscillation (NAO), one of the main atmospheric circulation patterns affecting the surface climate of continental Europe and North Africa [3,4,5,6].



Present and future paleoclimate research should therefore focus more on regional climatic and environmental responses to global or hemispherical changes, as well as on changes specific to the past hydrological cycle [7]. The calibration of future climate scenarios for the Mediterranean region is challenging because local and regional climate fluctuations exhibit a high degree of spatial and temporal variability due to the complex relationships of synoptic nodes [8] and the contrasting seasonal patterns along an east–west Mediterranean dipole [9,10,11]. Large-scale climate indices can help to explain temporal climate variability (e.g., monthly temperature and precipitation) and its associations with local ecological processes [12]. The influence of large-scale atmospheric circulation patterns were discussed in depth for Mediterranean forests [13,14,15]; however, the connection among forest growth, drought variability, and the circulation patterns across the Mediterranean forests is rarely considered [10,11].



In order to provide a more accurate measurement of the local influence of the atmospheric mechanisms driving drought variability across Europe [16], here, we analyze the impact of NAO, the oscillation of an air mass between the Artic and the subtropical Atlantic, that modulates winter and spring precipitation and temperature across the Western Mediterranean [17,18,19] and the Westerly Index (WI), which measures the frequency of the days with westerly winds over the English Channel with records back to the 17th century [20], via the Standardized Precipitation–Evapotranspiration Index (SPEI), which is a composed drought index obtained from different time scales [21]. Previous studies showed that the WI shows a strong signal on local precipitation and temperature and that NAO and SPEI are complementary to large spatial patterns of drought [16,20,22]. However, the heterogeneous climatology of the Mediterranean Basin reveals contrasting eastern and western drought patterns and their influence on regional hydrological cycles [9,11]. For this reason, a better understanding of the variability of large and local mechanisms of drought variability in the Mediterranean is needed in order to improve the resolution of forecasts of the climate change impacts on the Mediterranean Basin [23].



However, to define more accurate future scenarios of drought (SPEI), NAO, WI, and local climate data are needed for calibration to account for low-frequency (multidecadal) variability (cf. [16]). Tree-ring width (TRW) series are used as a proxy to extend back in time the influence of local climate conditions, NAO signal, and drought variability at a high resolution [19,24,25,26]. In fact, recent dendroclimatological studies in the Mediterranean basin have demonstrated a strong coherence between TRW series and large-scale atmospheric circulation patterns, although these studies are largely restricted to the last few centuries and some regions [7,9,27,28]. In this sense, disentangling the controls of instrumental atmospheric indices (e.g., NAO, WI) on long historical drought variability in the Mediterranean area and their associated climate variables is highly desirable to obtain high-resolution and annually resolved climate reconstructions based on long-term dendroclimatological proxies [29].



In this study, we evaluated for the first time the potential of TRW for dendroclimatic reconstructions across the Mediterranean Basin of the interconnected large-scale atmospheric circulation indices (NAO, WI) and drought (SPEI) [5]. Our aims are: (1) to compare the regional climate, NAO, WI, and SPEI signals contained in tree-ring width series across the Mediterranean area, (2) to analyze the temporal stability and changes in the spatial pattern of these relationships over the 20th century, and (3) to explore the potential of these TRW series for dendroclimatic reconstructions of WI, NAO, and drought (SPEI). We hypothesized that western forests subjected to the increasingly drier conditions [10] will be the most responsive to NAO and WI indices, whereas eastern forests will be most sensitive to drought variability and spring precipitation. To test these hypotheses, we examined climate–growth associations and their variability across the Mediterranean Basin.




2. Material and Methods


2.1. Study Area and Tree Species


We compiled tree-ring data from 403 trees (513 cores) of seven species from west to east distribution across the Mediterranean region (Figure 1 and Table 1). We selected a network of suitable sites from the International Tree-Ring Databank (ITRDB http://www.ncdc.noaa.gov/paleo/treering.html; [30,31,32,33,34,35,36,37,38]) distributed in three contrasting regions over the Mediterranean Basin, from the west (three sites: Abies pinsapo Boiss.; Pinus nigra Arn.; and Cedrus atlantica (Endl.) Manetti ex Carrière), center (three sites: Abies borisii-regis Mattfeld.; P. nigra; and Pinus heldreichii Christ.), and east (three sites: Abies cilicica (Antoine & Kotschy) Carrière; P. nigra; and Cedrus libanii A. Rich.). Only raw chronologies spanning more than 120 years, with an inter-series correlation (rbt) above 0.45, were considered in this study (Table 2). The studied species belong to diverse forests encompassing a wide climatic gradient (total annual precipitation: 554–890 mm; mean annual temperature: 12.5–13.7 °C) and contrasting elevation gradient (1144–2200 m a.s.l.) (Figure 1).




2.2. Dendrochronological Dataset and Chronology Building


In each site, dominant or codominant living trees from undisturbed sites were sampled (Table 1) following dendrochronological methods [26]. To remove the age-related trend and non-climatic signals (e.g., past management or competition) and to preserve growth variation on inter-annual to multi-decadal timescales, we detrended raw tree-ring width series using a double detrending procedure; first, fitting a negative exponential function followed by 120-year-long splines, which maximized the high-frequency climatic information and minimized the non-climatic variance related to ontogenetic and local disturbance trends [39]. Detrending allowed transforming individual tree-ring series to dimensionless growth indices (hereafter TRWi) by dividing observed ring values by fitted values. The resulting series were pre-whitened by autoregressive models to remove temporal autocorrelation. We performed a variance stabilization technique for every single series for minimizing the effects of changing sample size throughout time. Mean site chronologies were then calculated using a bi-weight robust mean [40]. To assess the statistical quality of tree-ring width series, several dendrochronological parameters were calculated considering the common period 1901–2010 [26]: AC, first-order autocorrelation for raw tree-ring series (a measure of the year-to-year growth similarity); MS, mean sensitivity (a measure of the year-to-year variability in width or other variables over consecutive tree rings); rbt, mean between-trees correlation of indexed values; SNR, signal-to-noise ratio; PC1, the percentage of variance accounted for by the first principal component which accounts for the common variability in growth among all trees at each site; and EPS, expressed population signal (a measure of the statistical quality of the mean site chronology as compared with an infinite perfectly replicated chronology). The chronology segment with EPS > 0.85 was considered as the common interval that was statistically reliable [41].




2.3. Climate Data, Drought Index, and Large-Scale Atmospheric Oscillations


Climate data over the 20th century in each of the nine study sites were obtained from a high-resolution gridded data from CRU TS 3.0 (University of East Anglia Climate Research Unit (CRU)) [42] with 0.5° of resolution. To assess the climate sensitivity of the individual site chronologies with respect to monthly mean temperature and monthly precipitation, the common period of 1930–2010 was considered. To evaluate the effect of drought intensity and duration on tree growth, we used the Standardized Precipitation–Evapotranspiration Index (SPEI), which is calculated using precipitation and temperature data from the same homogeneous and spatially dense dataset of local observatories as the CRU climate data [21] by using the SPEI library in the R environment [43]. The SPEI monthly values were calculated for the studied sites considering the period of 1901–2010 and from 1- to 24-month-long scales, since this is a multi-scalar index to observe the cumulative effects of drought. The SPEI accounts for the negative effect of warmer temperatures on water availability by statistically modelling cumulative water balances. For the SPEI, NAO, and WI comparison, we used 3-month (hereafter SPEI3) scales, since [22,23] showed the higher correlations among atmospheric circulation indices and drought for short-term scales in the Mediterranean.



We assessed spatial and temporal effects of the North Atlantic Oscillation (NAO) and the Westerly Index (WI) on tree radial growth of each site, given their wide spatial scale of influence [44]. The NAO is a north–south dipole that determines the position of the Icelandic low pressure and the Azores high-pressure systems and, therefore, the climatic patterns in Southwestern Europe, which allows extending its record beyond the 19th century [28]. The NAO monthly data were downloaded from the Climate Research Unit webpage (https://crudata.uea.ac.uk/cru/data/pci.htm; [42]). The Westerly Index (WI) quantifies the Atlantic air masses that enter Europe by measuring the frequency of days with westerly winds over the English Channel for each month since 1685. The WI provides information, better in winter and summer than in transition seasons, about temperature and precipitation anomalies over large areas of Europe. Usually, its climatic signal is similar to the one provided by NAO, but its signal is better than that of NAO during summer and very similar during the rest of the year. It is important to notice that even when the climatic signals of NAO and WI tend to be similar, it has been described that both indices were disconnected during some decades of the 20th century and during some longer periods in the previous centuries. It is also important to highlight that the WI has been a completely instrumental index during its whole duration (more than 350 years), and this cannot be said for any equivalent index (NAO reconstructions are mostly based in proxy data for its reconstructions before the 19th century) (see [20] for further information). Thus, the WI seems to be a better index than NAO to calibrate and analyze the climatic signal of climatic records with lengths of several centuries.




2.4. Statistical Analysis


To compare the SPEI, NAO, and WI signals in tree-ring growth, we used Pearson correlations and spatial patterns of the relationships between indices using the KNMI Climate Explorer (http://climexp.knmi.nl/, [45]). Temporal trends of SPEI3 for each site and regional NAO and WI indices were estimated using Mann–Kendall coefficients, respectively. To quantify the influence of monthly climate data (mean temperature and precipitation) and SPEI3, NAO, and WI indices on growth, bootstrapped correlations were carried out for the common period of 1901–2010. These correlations were calculated from previous August to current December, i.e., prior to and during the year of tree-ring formation, based on previous analyses of the study species’ growth responses to climate [11]. To assess whether these relationships were stable through time, we calculated 30-year-long moving correlations, taking into consideration only those climate variables strongly and significantly (p < 0.05) correlated with TRWi. We also calculated Pearson correlations between TRWi and SPEI obtained for 1- to 24-month long scales [46].



Finally, we built a transfer function model using ordinary least square regressions based on significant (p < 0.01) sites’ signals related to mean temperature, total precipitation, SPEI3, NAO, and WI indices. The transfer function model used TRWi as the predictor and the climate variables as the predictands. The skill of TRWi for reconstructing past climate was tested by a split-sample procedure and verified the stability of the model [47]. This procedure divided the study period into two equal subperiods, which were used as calibration and verification periods, respectively. The models were evaluated using regression statistics such as R2, the reduction of error statistic (RE), the coefficient of efficiency (CE), and the Durbin–Watson test (DW). The value of RE theoretically ranges from minus infinity to +1.0, and an RE value greater than 0 is considered positive skill of the model [26]. The calculated transfer function was then applied to the site chronology to obtain the time series of the reconstructed abovementioned climate variables and indices. Bootstrapped and moving correlations, as well as the transfer function model, were calculated using the software treeclim [48]. All stages of chronology building and data analyses were performed using the package dplR [49] in the R environment [50].





3. Results


3.1. Atmospheric Circulation Indices and Drought


Spatial correlations between NAO, WI, and SPEI3 were observed with large differences across the Mediterranean Basin (Figure 2). The winter drought variability was well explained by NAO and WI, controlling the precipitation patterns. Annual NAO correlated positively with annual WI (r = 0.48), winter WI (r = 0.79), spring WI (r = 0.50), summer WI (r = 0.34), and autumn WI (r = 0.56) (Table 2).



The relationships between annual SPEI3 and annual WI reported disparate results along the Mediterranean Basin (Table 2). The highest correlations were observed in the western region for the A. pinsapo site, showing significant negative correlations for annual (−0.39), winter (−0.61), spring (−0.41), and autumn (−0.30) values (Table 2). C. atlantica and P. nigra sites in the Western Mediterranean also showed negative correlations between annual SPEI3 and winter WI (C. atlantica and P. nigra) and annual and autumn values for P. nigra. However, no significant correlations were observed for the Central Mediterranean region, while in the eastern area, only A. cilicica showed a significant negative correlation between annual SPEI3 and annual and summer WI index (Table 2).




3.2. Chronology Characteristics


Trees from the Western Mediterranean were older on average (264 years) but formed narrower rings (0.79 mm) than those from central (212 years, 1.46 mm) and eastern sites (263 years, 0.96 mm) (Table 1 and Table 3; Figure A1). The year-to-year tree-ring autocorrelation (AC) and interannual mean sensitivity (MS) of growth were similar at the extremes of the west–east dipole, which suggests that climatic constraints on growth are more important for these edge forests than in the Central Mediterranean region (Table 3). Western sites presented higher inter-series correlation and higher mean sensitivity compared to central and eastern regions, respectively, although these comparisons must be made with caution, since the number of trees used for each variable differed (Table 1; Figure A1). The remaining dendrochronological statistics confirmed the coherence among individual sites and further composited series for each region (Table 3).




3.3. Climate–Growth Relationships


Mediterranean Abies species showed higher negative correlations with mean temperatures during the previous autumn in A. pinsapo and A. borissi-regis and late spring and early summer temperatures for the three Abies species (Figure 3). TRWi was positively influenced by late spring/early summer precipitation in all sites and species except P. heldreichii in the central region and P. nigra and A. pinsapo in the west, which showed the highest correlation with precipitation in the previous summer and autumn, respectively (Figure 3). The highest correlation with temperature was observed during the previous autumn in the western P. nigra site, while the lowest was observed in the eastern C. libani (Figure 3). Total precipitation showed a higher signal in western C. atlantica and central low-elevation A. borissi-regis in the Central Mediterranean (Figure 3).




3.4. Relationships between Growth SPEI, NAO, and WI


The relationships between TRWi and SPEI showed a significant association between growth and intensity and severity drought in West P. nigra and C. atlantica but not in the A. pinsapo site (Figure 4). We found a positive and significant correlation with SPEI recorded at a 3–12-month-long scale in these western sites, corresponding to short wet or dry periods at a high frequency occurrence (Figure 4). In central and eastern sites, significant SPEI and TRWi relationships were found for 1–8-month-long scales, higher in lower elevation (A. borissi-regis) and eastern (C. libani) sites (Figure 4). Lower drought–growth correlations were observed in Abies species. Finally, we observed similar high-frequency TRWi (growth) evolution patterns in comparison with the mean SPEI3 drought index for May and June, with growth increases and reductions evolving in parallel to SPEI3 evolution (Figure 5). The composite chronologies for each region (west, central, and east) showed significant correlations between MJ SPEI3 drought index and TRWi, representing high coherence between concatenated relations among SPEI3, NAO, and WI (Figure 2, Table 2).



Monthly NAO and WI showed long-term variability during the 20th century, but stationary trends (Table 4). However, SPEI3 showed strong variability between decades and years with wet periods (1960s, 1970s in the west; 1920s, 1940s in the central region; and 1960s, 1990s in the east) alternating with dry ones (1950s, 1980s in the west; 1950s, 1980s in the central region; and 1970s, 1990s in the east) (Figure 5). However, long-term drought trends were different along the east–west dipole, mainly in the second half of the 20th century (Table 4).



C. atlantica (west), C. libani (east), A. borissi-regis (central), and A. cilicica (east) showed the highest positive associations with SPEI3, followed by P. nigra in the western, eastern, and central regions, respectively (Figure 6). TRWi was negatively correlated with Febraury NAO in C. atlantica and positively with the previous autumn in A. pinsapo and P. nigra (west) and current summer in Central Mediterranean species (Figure 6). Some eastern sites showed positive relationships with the current summer, autumn, and winter NAO indices (A. cilicica, P. nigra) and the central (P. heldreichii) region (Figure 6). As expected, the WI index showed the highest signal in the West Mediterranean for C. atlantica (negative) and P. nigra (positively) during autumn and winter, respectively (Figure 6). However, it is interesting to notice that all the species showed at least one month with significant associations between TRWi and WI index both in the central and in the eastern basin (Figure 6).



Figure 7 shows moving correlations between TRWi and SPEI3, NAO, and WI for the months with the best long-term correlation between these indices and TRWi (see Table A1 and Figure 6). The most stable correlations are obtained when SPEI3 series are analyzed, in particular, in the Western and Eastern Mediterranean regions. In the Central Mediterranean area, only A. borissi-regis is significantly associated with SPEI3. On the other hand, NAO and WI show a much more variable association with TRWi series. In the Western Mediterranean area, the WI shows a stable negative correlation with A. pinsapo and a (mostly significant) negative association with C. atlantica during the second half of the analyzed period. On the other hand, NAO only shows a relatively stable positive association with C. atlantica during the second half of the analyzed period.



In the Central Mediterranean region, no clear associations were observed. The WI was positively associated (mostly significantly) with A. borissi-regis and, during some decades in the middle of the analyzed period, positively associated with P. heldreichii. Associations with P. nigra were not significant. On the other hand, NAO changed the sign of its association with A. bosissi-regis along the analyzed period but showed a more stable positive association (near or above the significance level during a significant part of the analyzed period) with P. nigra and P. heldreichii.



Finally, in the Eastern Mediterranean, NAO and WI showed very similar associations. Both of them were positively associated with A. cilicica and P. nigra, coming in and out of the level of significance, and both of them were negatively correlated with C. libani during the final half of the analyzed period; however, the WI was positively correlated during the early decades of this period.




3.5. Exploring WI Reconstructions from Tree Rings


We explored whether TRWi could emerge as a potential proxy for the WI reconstruction in the Mediterranean Basin (Table 5, Figure A2). The regression models for C. atlantica, the site with higher correlations for SPEI12, NAO, and WI (Figure 3, Figure 4 and Figure 6), were adjusted explaining 52% (SPEI), 29% (NAO), and 28% (WI) variability during the period of 1903–2001 (Table 5). The calibration/verification statistics indicated that there is reconstructive potential in the WI model, even if the WI signal is weak (Table 5; Figure A2). The two subperiods for calibration and verification of the regression models showed significant correlations for summer SPEI12 (1903–1953: r = 0.58, p < 0.01; 1953–2001: r = 0.62, p < 0.01), previous December NAO (1903–1953: r = 0.26, p < 0.05; 1953–2001, r = 0.42, p < 0.05) and previous November–December WI index (1903–1953: r = 0.33, p < 0.05; 1953–2001, r = 0.30, p < 0.05) (Figure A2).





4. Discussion


Regional climatic changes affect societies and natural ecosystems, endorsing the basis for efficient adaptation measures [1]. Several studies support that regional climates are the result of the interaction of large-scale dynamics with the orography and physical properties at the regional and local scales. Notwithstanding, improving our knowledge about regional and local climate linkages, including extremes, remains highly relevant [7,51]. Here, we obtained reliable information on the amplitude and changes of past climate dynamics at regional scales using tree rings in relation with drought variability (SPEI) and atmospheric circulation patterns (NAO, WI). Despite significant recent research efforts, detailed interactions among regional drought variability and atmospheric patterns are not sufficiently understood yet [8]. Furthermore, the analysis of long-term climate series at large spatial scales provides relevant information on climate variability and trends in relation to climate change [1,52,53]. Since the climate of the Mediterranean Basin is characterized by seasonal drought during the dry and warm summer conditions [54,55], this region is potentially sensitive to climate change, with periods of water shortage negatively affecting the tree growth and dynamics of forest ecosystems, as well as to several socio-economic implications within and beyond the region [56,57]. Our results showed higher drought sensitivity in the western areas, compared to the eastern part, according to significant tree growth sensitivity due to siring drought intensity caused by recent changes on large atmospheric oscillations patterns [11].



Since the Mediterranean Basin’s climate is modulated by atmospheric patterns [7], their changes influence the local climate and drought conditions [58]. In terms of the modulation of the temperature, positive phases of the winter NAO show a high correlation with cold air temperatures in the Southwestern Mediterranean area, while the opposite response is observed during negative NAO phases [3,4]. Similarly, the Central-eastern European and Northern Turkish climates showed positive associations with NAO, while the NAO influenced the winter temperatures in Northern Italy (Figure 2) [20,24,58]. Several studies showed positive relationships between winter NAO and lower precipitation in the Western and Northern Mediterranean areas [13,59]. Conversely, the NAO presented weak relationships during other seasons, except for the NAO changes which translate into variations in precipitation in the Southern Mediterranean [7,11,13,23,58].



The influence of NAO on drought severity (SPEI) and its relationships with the WI was confirmed in the Mediterranean Basin [23]. The WI index accounts for climate variability during the summer season and higher temperatures during winter in Western Europe (Figure 2). A positive WI was related with lower temperatures in Northern Europe and warmer conditions in the Eastern Mediterranean area [20]. However, high frequency of westerly winds (positive WI) increases cloudiness and humidity in Northern Europe, with decreasing precipitation and humidity towards the Mediterranean area. Winter and summer seasons show an extended decrease of precipitation, covering the west and east of the Mediterranean Basin, while decreasing spring precipitation prevails mainly in the west of the Mediterranean [20,23]. Many previous studies showed the relationships between NAO and drought in Southern Europe and North Africa [23], although the WI index captures a similar signal to the NAO during summer and winter seasons, especially during dry spring–summer seasons in Western and Central Europe [23]. While the NAO is a pattern that considers wind strength, the WI is an index that only considers the prevalence of westerly winds [20]. This difference is important since it has been proven that the WI, unlike the NAO, is a better indicator of precipitation with robustness throughout the year in Northern and Central Europe. However, the WI presents difficulty to capture temperature anomalies that are determined by the advection and intensity of air masses, whereas NAO can capture it more easily. Nevertheless, our study is the first attempt to understand the combined influence of these patterns in the effects of drought across Mediterranean ecosystems. As [20] showed, NAO and WI have many similarities in behavior and effects on the European continent and can complement each other to improve our knowledge on both short- and long-term drought effects across European forests [23].



Based on our findings about the relationships among tree-ring data (TRWi) and NAO, WI, and SPEI, we conclude that drought, as reflected by the SPEI, is the main limiting factor of tree growth in agreement with previous regional studies [60]. This pattern has been already observed in different studies showing higher correlation between SPEI and tree growth variation than NAO or other atmospheric patterns [11,12,16]. This result might be related to the temporal scale of drought. Hence, while SPEI is able to capture short-term weather conditions and extreme weather events more accurately when seasonal droughts occur, NAO and WI reflect large spatial and temporal atmospheric patterns, mainly sensitive to intra-annual periods, such as winter, where tree growth stops and drought conditions remain low [10,13,15].



An important issue raised by our study is the lack of stationary relationships among NAO, WI, and the climate sensitivity observed in the different tree species (TRWi) (Figure 7). It is important to note that, although the correlations might be significant for the entire time period, decreasing correlations may be present at some shorter time spans, where the relationship is weakened. Here, sequential coupling and de-coupling of climate sensitivity could be related to contrasting and sometimes opposite local environmental responses over time and also among nearby forest ecosystems during a given time period [11]. Non-stationary climate sensitivity relies on ecosystem development and its complex response to climate changes, even in the same region, supporting that these responses are highly influenced by the landscape and the environmental evolution of the area [58,61,62]. In addition, these shifting environmental responses might be amplified in our tree species during the last centuries, suggesting a different resilience and sensitivity to climate variations between the studied mountain forest ecosystems [2,11,53]. Anthropogenic influences should be taken into account, as they also appear to modulate the effects of solar and atmospheric cycles in the tree rings’ environmental signals [62]. The obtained climate sensitivity of the Mediterranean forests studied here provides paleoenvironmental records likely influenced by several drivers, including climate variations but also human-induced environmental changes.



However, our results showed that depending on the Mediterranean zone, the inter-annual NAO variations can explain large-scale growth variability (Figure 5). For the western area, we found higher associations with TRWi for autumn and winter NAO for A. pinsapo and P. nigra (Figure 6). These results are consistent with other studies that associate an increase in the temperatures during the previous winter with an increase in the growth rates due to an early bud break [63]. This relationship has been proven in studies that show how the NAO strongly modulates the inter-annual variability of precipitation in the Western Mediterranean [62]. This situation explains the negative impact of spring NAO in C. atlantica that translates into a lower soil water reserve and availability, which acts as a limiting factor in the tree radial growth during the growing season. In contrast, a positive NAO phase in summer increases growth rates in Central Europe [64]. Regarding the Eastern Mediterranean region, the summer NAO conditions influence water availability during the growing season [10,16,23], as does the autumn NAO, consequently affecting tree-ring growth of eastern forests [10,62].



Regarding the relationship between tree growth and WI, we observed higher correlations with Western Mediterranean forests (Figure 6). For instance, P. nigra and A. pinsapo showed positive and negative WI signals in tree growth during winter, summer, and spring seasons, respectively (Figure 6)—periods in which there was an increase in temperature and a decrease in precipitation in western regions [11]. In this case, the increase in temperature is related to the onset of growing season of P. nigra and C. atlantica (Figure 3). However, autumn WI negatively affected the tree growth of C. atlantica in relation with the influence of WI on the precipitation and temperature patterns (Figure 2 and Figure 6). The autumn WI was related with drought that consequently affected the growth [5,13]. On the other hand, the relationships between WI and growth in Eastern Mediterranean forests were higher with previous winters (A. cilicica and C. libani) and March and July in P. nigra (Figure 6). This relationship with winter WI was consistent with drought–growth relationships in this area. Our results showed the ability of the WI to explain how the tree growth in the Central Mediterranean area is mainly limited by spring conditions; with a positive effect on growth during autumn. This finding is consistent with those obtained in other studies on the WI, where we can see how its potential is located in Western and Northern Europe, presenting difficulties in explaining the behavior of droughts in Southern Europe [23].



The combination of SPEI, WI, and NAO allows us to study the effects of large-scale atmospheric patterns in the regional growth of tree species in drought-prone Mediterranean areas. While the NAO is better related with large-scale drought periods, the WI allows us to study shorter drought effects, having a stable seasonal influence on drought severity [23]. This combination of characteristics between both atmospheric patterns seems promising for a better understanding and reconstruction of drought periods in the Western Mediterranean area (Table 5). The potential of using TRWi as a proxy in annual climate reconstructions has been proven in numerous studies [65,66]. However, to our knowledge, this is the first study using TRWi information to understand and reconstruct long-term regional climate patterns in the Mediterranean Basin related with the WI. Our results evidence a strong connection between drought and large atmospherics patterns, especially the interconnected WI and NAO, which is reflected in annual tree-ring chronologies (Table 5). Although tree-ring information from the Mediterranean basin is not scarce, many of the currently available chronologies do not cover centuries to address long-term climate reconstructions, due to the scarce long-lived trees [67]. The oldest trees in our study (C. atlantica) were found in the Atlas Mountains in Morocco [24,67]. This species showed the highest correlations between TRWi and summer precipitation in the Western Mediterranean [68], while negative correlations between TRWi chronologies and summer precipitation were obtained from some Eastern Mediterranean mountains [11], which have been demonstrated to reflect a distinct temperature signal, most likely reflecting the inverse relationship between summer temperature and precipitation (Figure 5). Nonetheless, Eastern Mediterranean drought responses are also available, for instance, in Southern Turkey [33,69]. Hence, the use of multiple species with different intra-annual periods of climate–growth sensitivity provides complementary information. Even with these shortcomings, TRWi data in our study proved to reconstruct local climatic variables and to detect significant relationships with large-scale atmospheric oscillations such as NAO or WI [23].



Overall, our results support significant relationships among Mediterranean tree-ring chronologies and the SPEI3, in relation with atmospheric oscillations (Table 5), suggesting that TRWi datasets may be widely suitable proxies to perform reliable reconstructions of the spatial and temporal patterns of drought frequency and intensity in relation with NAO and WI oscillations in the Western Mediterranean area. Thus, despite the NAO and WI presenting periods related to tree growth, the reliability seems much lower than that of the SPEI. Then, although we obtained limited adjustment, the use of drought-sensitive tree-ring chronologies would improve the suitability of TRWi to reconstruct millennial WI patterns. In summary, our understanding of variations in short-duration and extensive drought across the Mediterranean basin is still limited, as a small number of well-dated high-temporal-resolution proxies are available [7] and due to the non-stationary relationships among TRWi, NAO, WI, and SPEI (Figure 7). In this context, in order to improve climate reconstructions, further studies could identify new potential long-term tree-ring series with higher sensitivity to regional-scale circulation patterns, such as WI and NAO indices [70]. Despite the limitations of our results using TRWi, this is a first attempt to understand the spatiotemporal associations among drought patterns and the interconnected NAO and WI oscillations over the Mediterranean Basin, although these relationships should be considered carefully given the relative level of non-stationarity (Figure 7). Further research is needed to understand past and future spatiotemporal variability of the tree growth associations with NAO and WI.




5. Conclusions


Although our results are still limited to draw detailed conclusions on the spatiotemporal high-resolution links among drought patterns and TRWi, NAO, and WI, we provide valuable information about the west–east dipole effects on how local climate variables, atmospheric patterns, and drought affect forest growth in the Mediterranean Basin. The NAO and WI explained high-frequency growth variability of western C. atlantica and P. nigra forests, and partially of Central and Eastern Mediterranean forests. Our study also shows that tree-ring widths are a potential proxy to long-term reconstructions of WI variability in the Western Mediterranean region. Based on our results, the climate change towards drier conditions could influence western, central, and eastern mountain forests differently in relation with changes in non-stationary atmospheric oscillation patterns. To improve the accuracy of future climate scenarios, local and large-scale climate drivers must be reconstructed using complementary proxies such as high-temporal-resolution tree rings, which allow to extend back centuries.
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Figure A1. Site chronologies (tree-ring width indices, TRWi; continuous lines) obtained for the studied sites from western (left column), central (central), and eastern (right) regions of the Mediterranean and the number of measured series (grey areas) for each site. 






Figure A1. Site chronologies (tree-ring width indices, TRWi; continuous lines) obtained for the studied sites from western (left column), central (central), and eastern (right) regions of the Mediterranean and the number of measured series (grey areas) for each site.



[image: Atmosphere 11 00644 g0a1]







[image: Atmosphere 11 00644 g0a2 550] 





Figure A2. Comparison between the reconstructed (color lines) and actual (black line) summer SPEI at a 12 month scale, previous December NAO (NAOdt−1), and previous November–December Westerly Index (WIndt−1) for the Cedrus atlantica site (see Table 5 for details). 
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Table A1. Selected months or seasons for the moving correlations between TRWi and WI, NAO, and SPEI for each of the six different sites for 1902–2010. Abbreviations correspond to months and seasons of the previous (t−1) and current years, respectively. Seasonal climate data: Au, autumn; Wi, winter; Sp, spring, Su, summer).
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Figure 1. Map showing the geographic locations of the study sites in the Mediterranean Basin and the digital elevation model in the background. Colored squares represent the studied species in green (Abies pinsapo, A. borissi-regis, A. cilicica), blue (Pinus nigra), and red (Cedrus atlantica, C. libani and P. heldreichii) populations, respectively. Climatic diagrams for each study site (mean temperature, red lines; precipitation, blue areas) are shown. 
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Figure 2. Field correlations for the period 1901–2001 calculated between winter North Atlantic Oscillation (DJF NAO, upper panel) and annual Westerly Index (WI, lower panel) and winter 3-month Standardized Precipitation–Evapotranspiration Index (SPEI3). Squares in the upper panel are study sites (see codes in Figure 1). 
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Figure 3. Bootstrapped tree growth–climate associations for the studied sites assessed by relating ring-width indices (TRWi) to seasonal and monthly climatic variables (mean temperature and precipitation) for the 1946–2010 period. The temporal window of analyses ranges from the previous August (previous-year months and seasons are abbreviated in uppercase letters) to the current December (current-year months are abbreviated in lowercase letters). Significance levels are shown in darker grey color (p < 0.01). Sites’ codes are as in Table 1. 
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Figure 4. Drought–growth associations of the studied sites in the Mediterranean Basin (from the left to the right for respective rows) assessed by relating ring-width indices (TRWi) to the Standardized Precipitation–Evapotranspiration Index (SPEI) considering for up to 24-month-long scales (x axes). Correlations were calculated for the common and best-replicated period of 1946–2010 and considering the months of the current growth year (y axes). Correlation values above +0.25 and below −0.25 were significant at the p < 0.05 level. Sites’ codes are as in Table 1. 
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Figure 5. Composite regional chronologies (tree-ring width indices, TRWi; continuous lines) obtained for the studied sites and May to June Standardized Precipitation–Evapotranspiration Index (MJ–SPEI) drought index calculated at 3-month-long scales (dotted red lines) for the 1901–2010 period. The plotted drought index and NAO (dashed cyan line; winter for west, spring for central, and summer for east) were most strongly related to the tree-ring width indices (TRWi) in most study sites (see Figure 5). Pearson correlations (r) between TRWi and the indices and associated probability values (P) are shown for each site (see Figure 6 for more correlations). 
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Figure 6. Bootstrapped tree growth–climate associations for the studied sites assessed by relating ring-width indices (TRWi) to monthly SPEI3, NAO, and WI indices for the period 1946–2001. The temporal window of analyses includes the time from the previous August (previous-year months are abbreviated in lowercase letters) up to the current December (current-year months are abbreviated in uppercase letters). Significance levels are shown in grey color (p < 0.01). Sites’ codes are as in Table 1. 
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Figure 7. Temporal changes in bootstrapped correlation coefficients between tree-ring width indices (TRWi) and the best correlated (see Figure 6) SPEI, NAO, and WI using 30-year-long intervals shifted by one year for the period of 1903–2001 (values are arranged for the last year of each 30-year-long interval). Dotted grey horizontal lines indicate statistically significant correlation coefficients (p < 0.05). Sites’ codes are as in Table 1, and the selected period for each site is shown in Table A1. 
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Table 1. Site features of the study forests in the Mediterranean Basin.
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Variables

	
West

	
Central

	
East




	
ABPI

	
CEAT

	
PINI

	
ABBR

	
PIHE

	
PINI

	
ABCI

	
CELI

	
PINI






	
Latitude (N)

	
35°10′33″

	
32°58′36″

	
37°49′12″

	
40°21′00″

	
40°42′00″

	
36°55′12″

	
35°34′12″

	
36°40′12″

	
36°27′00″




	
Longitude (W/E)

	
5°11′58″ W

	
5°3′35″ W

	
2°57′00″ W

	
20°23′24″ E

	
20°7′58″ E

	
22°21′00″ E

	
36°12′00″ E

	
29°55′12″ E

	
32°31′12″ E




	
Elevation (m a.s.l.)

	
1800

	
2200

	
1800

	
1144

	
2000

	
1400

	
1450

	
1800

	
1580




	
Aspect

	
N

	
N

	
E

	
N

	
W

	
NW

	
W

	
NW

	
W




	
MAP

	
560

	
510

	
483

	
973

	
1007

	
565

	
721

	
769

	
691




	
MAT

	
16.7

	
13.4

	
12.1

	
10.6

	
10.1

	
17.6

	
17.3

	
14.7

	
13.1




	
Nºof trees/Nº of cores

	
26/52

	
50/100

	
35/69

	
49/49

	
124/124

	
30/30

	
34/34

	
36/36

	
19/19




	
Mean/Max Age (years)

	
211/397

	
309/1024

	
272/947

	
94/122

	
310/604

	
232/343

	
111/207

	
348/619

	
332/557








ABPI: Abies pinsapo; CEAT: Cedrus atlantica; PINI: Pinus nigra; ABBR: Abies borissi-regis; PIHE: Pinus heldreichii; ABCI: Abies cilicica; CELI: Cedrus libani. MAP: mean annual precipitation; MAT: mean annual temperature based on gridded CRU TS. 3.0 dataset [42].
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Table 2. Correlation matrix of the seasonal (wi, winter; sp, spring; su, summer; au, autumn) and annual WI (dependent variable) versus annual NAO and annual SPEI3 for each of the nine different sites for 1946–2010. Correlation values in bold letters are significant at the p < 0.05 level.
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Title

	
SPEI




	
West

	
Central

	
East






	
Season

	
NAO

	
ABPI

	
CEAT

	
PINI

	
ABBR

	
PIHE

	
PINI

	
ABCI

	
CELI

	
PINI




	
WIan

	
0.49

	
−0.39

	
−0.14

	
−0.22

	
−0.03

	
−0.19

	
−0.01

	
−0.26

	
−0.02

	
−0.04




	
WIwi

	
0.79

	
−0.61

	
−0.36

	
−0.53

	
−0.10

	
−0.10

	
0.02

	
−0.11

	
−0.04

	
−0.08




	
Wisp

	
0.50

	
−0.41

	
0.06

	
−0.09

	
−0.12

	
−0.25

	
−0.20

	
−0.14

	
−0.23

	
−0.08




	
WIsu

	
0.34

	
0.03

	
−0.01

	
−0.08

	
−0.02

	
−0.13

	
−0.06

	
−0.29

	
−0.02

	
−0.14




	
WIau

	
0.56

	
−0.30

	
−0.17

	
−0.30

	
−0.12

	
−0.21

	
0.09

	
−0.12

	
0.03

	
0.03
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Table 3. Dendrochronological statistics based on radial growth series for each studied site. The statistics and mean basal tree-ring width values were calculated for the common period of 1930–2010. All dendrochronological statistics were calculated for residual series except autocorrelation (AC), which was obtained for raw tree-ring width data.
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Variables

	
West

	
Central

	
East




	
ABPI

	
CEAT

	
PINI

	
ABBR

	
PIHE

	
PINI

	
ABCI

	
CELI

	
PINI






	
Tree-ring width (mm) ± SD

	
1.07 ± 0.36

	
0.76 ± 0.23

	
0.56 ± 0.12

	
2.67 ± 0.63

	
0.80 ± 0.15

	
0.93 ± 0.28

	
1.02 ± 0.36

	
1.29 ± 0.22

	
0.58 ± 0.11




	
Time span

	
1614–2011

	
977–2001

	
1050–2010

	
1874–2012

	
1405–2008

	
1657–1999

	
1795–2001

	
1370–1988

	
1444–2003




	
AC

	
0.832

	
0.791

	
0.842

	
0.759

	
0.815

	
0.807

	
0.810

	
0.802

	
0.844




	
MS

	
0.237

	
0.311

	
0.248

	
0.243

	
0.213

	
0.244

	
0.221

	
0.284

	
0.221




	
Rbt

	
0.533

	
0.756

	
0.590

	
0.464

	
0.570

	
0.496

	
0.474

	
0.575

	
0.460




	
SNR

	
4.399

	
3.639

	
7.207

	
5.621

	
2.192

	
9.095

	
6.703

	
11.93

	
5.372




	
PC1 (%)

	
37.22

	
58.09

	
39.30

	
33.05

	
36.05

	
36.56

	
30.50

	
35.05

	
26.35




	
EPS 1930–2010

	
0.925

	
0.992

	
0.976

	
0.951

	
0.992

	
0.952

	
0.971

	
0.905

	
0.943








Abbreviations: AC, first-order autocorrelation for raw tree-ring series; MS, mean sensitivity; rbt, mean between-trees correlation of indexed values; SNR: signal-to-noise ratio; PC1, variance accounted for by the first principal component; EPS, expressed population signal.
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Table 4. Mann–Kendall statistic and related probability levels assessing NAO, WI, and site SPEI (3 months) trends for selected months during the period 1946–2010 and considering the nine Mediterranean study sites, p < 0.05 (italic values) and p < 0.01 (bold values).
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Month

	
SPEI 3

	
West

	
Central

	
East




	
NAO

	
WI

	
ABPI

	
CEAT

	
PINI

	
ABBR

	
PIHE

	
PINI

	
ABCI

	
CELI

	
PINI






	
January

	
0.06

	
0.04

	
−0.02

	
−0.10

	
−0.07

	
−0.17

	
−0.17

	
0.01

	
0.07

	
0.01

	
−0.03




	
February

	
0.20

	
−0.01

	
−0.08

	
−0.10

	
−0.11

	
−0.18

	
−0.14

	
0.01

	
−0.05

	
0.01

	
−0.10




	
March

	
0.24

	
0.16

	
−0.16

	
−0.08

	
−0.15

	
−0.09

	
−0.08

	
−0.05

	
−0.10

	
−0.08

	
−0.10




	
April

	
−0.16

	
−0.08

	
−0.12

	
−0.11

	
−0.19

	
−0.01

	
0.00

	
−0.07

	
−0.04

	
−0.08

	
−0.09




	
May

	
0.02

	
0.07

	
−0.15

	
−0.17

	
−0.21

	
−0.03

	
−0.10

	
−0.01

	
−0.01

	
−0.01

	
−0.12




	
June

	
−0.10

	
−0.09

	
−0.10

	
−0.16

	
−0.23

	
0.01

	
−0.06

	
0.01

	
0.07

	
−0.01

	
0.06




	
July

	
0.00

	
0.03

	
−0.18

	
−0.11

	
−0.17

	
0.02

	
−0.13

	
0.07

	
0.01

	
0.05

	
−0.01




	
August

	
0.02

	
−0.07

	
−0.13

	
0.07

	
−0.09

	
0.02

	
−0.06

	
0.05

	
0.06

	
0.06

	
0.02




	
September

	
−0.12

	
−0.09

	
0.03

	
0.15

	
0.10

	
0.01

	
−0.01

	
0.15

	
−0.05

	
0.20

	
0.09




	
October

	
0.03

	
0.07

	
0.09

	
0.16

	
0.05

	
−0.08

	
−0.01

	
0.18

	
0.03

	
0.20

	
0.03




	
November

	
0.06

	
0.08

	
0.07

	
0.07

	
0.05

	
−0.16

	
−0.07

	
0.13

	
0.08

	
0.15

	
0.04




	
December

	
−0.07

	
−0.08

	
0.09

	
−0.02

	
0.00

	
−0.16

	
−0.16

	
0.07

	
0.09

	
0.07

	
0.00
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Table 5. Calibration verification statistics for the dendroclimatic reconstructions of climatic variables using tree-ring width indices in the Cedrus atlantica study site for the period of 1903–2001. Climate variables were current summer SPEI 12-month scale (SPEIsu); previous December NAO (NAOdt-1); and previous November–December Westerly Index (WIndt-1). Statistics’ abbreviations: RE, reduction of error; CE, coefficient of efficiency; and DW, Durbin–Watson test.
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West

	
1903–1953

	
1954–2001

	
1903–2001




	
RE

	
CE

	
DW

	
r

	
RE

	
CE

	
DW

	
R

	
Intercept

	
Slope

	
r






	
SPEIsu

	
0.175

	
0.502

	
1.516

	
0.58

	
0.353

	
1.049

	
1.517

	
0.62

	
−1.975

	
1.979

	
0.52




	
NAOdt-1

	
0.243

	
0.515

	
1.232

	
0.26

	
0.218

	
0.223

	
1.974

	
0.42

	
1.601

	
−1.666

	
0.29




	
WIndt-1

	
0.025

	
0.020

	
1.714

	
0.33

	
0.188

	
0.191

	
1.294

	
0.30

	
50.136

	
−10.973

	
0.28
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