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Abstract

:

Pinus halepensis dominates coastal to mountain areas throughout the Mediterranean Basin. Its growth plasticity, based on polycyclic shoot formation and dynamic cambial activity, and tolerance to extreme drought and exceptional frosts, allows it to colonize a vast array of environments. We used tree-rings from codominant pines to compare lifespan, growth rates, age and size distribution in a typical coastal (i.e., prolonged drought, occasional low-intensity fires) vs. inland hilly (i.e., moister conditions, recurrent frosts) population. BAI trends, growth-limiting climate factors and tree-ring anatomical anomalies were analyzed considering the differences in climate and phenology obtained from multispectral satellite images. The species maximum lifespan was 100–125 years. Mortality was mainly due to fire on the coast, or heart-rot in the inland site. Populations differed in productivity, which was maintained over time despite recent warming. Site conditions affected the growing season dynamics, the control over ring formation by summer drought vs. winter cold and the frequency of anatomical anomalies. Recurrent frost rings, associated with temperatures below −10 °C, occurred only at the inland site. Pinus halepensis confirmed its remarkable growth plasticity to diverse and variable environmental conditions. Its ability to survive extreme events and sustain productivity confirmed its adaptability to climate change in coastal areas as well as on Mediterranean mountains.
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1. Introduction


The Mediterranean Basin is an important biodiversity hotspot particularly vulnerable to climate change impacts [1]. In the last decades, progressive drying up and temperature increases have been reported [2], making future scenarios for vegetation dynamics not optimistic [3]. Furthermore, extreme events such as heat waves or dry spells, and even frost, have been reported to increase in frequency and severity [4].



Aleppo pine (Pinus halepensis Mill.) is the most widely distributed pine in the Mediterranean Region. Its natural distribution range over the Mediterranean Basin extends from North Africa (Morocco, Algeria) to Syria and from Portugal to Greece [5]. It is often replaced by Pinus brutia Ten. in the eastern part of the Mediterranean Basin. It is generally found at low elevation, from sea level to 600 m a.s.l. in northern populations, but it reaches 1000 m a.s.l. in Southern Spain and 1700 m a.s.l. in North Africa. Aleppo pine is a pioneer species and a key component of Mediterranean forest dynamics in many areas. Light demanding and thermophilous, its exceptional plasticity allows it to colonize and grow in very hot and dry sites and on every type of non-hydromorphic soil [5]. Aleppo pine disrespects high humidity, frost and snow, but is able to survive and grow in a range of different environments, from meso-mediterranean to semi-arid climate spanning annual temperature in the range of 10–20 °C and precipitation 300–1000+ mm [6]. The ability to adjust its physiology and growing season to variable drought severity implies intrinsic ecophysiological adjustments [7,8]. In addition, the polycyclism of Aleppo pine represents a key trait for the adaptation to the high variability of the Mediterranean climate, whose long and severe summer droughts divide the growing season into two parts [9]. The number and rates of flushes vary with the prevailing climatic conditions in the growing season, with shoot formation ending in autumn with the short photoperiod and cold temperatures [10]. Nonetheless, it may not be uncommon that mild conditions in late fall stimulate a new flush and growth continues until the next spring.



The absence of a true dormancy in the cambium of Pinus halepensis has been reported in warm Mediterranean sites (e.g., coastal areas in Eastern Spain), where xylogenesis continues with varying rates throughout the year, whereas in cooler sites (e.g., Slovenia) it can stop for 1 to 3 months during winter [11]. In addition, the cambial activity in Pinus halepensis can slow down and stop during summer drought and resumes in late summer-autumn once moisture availability increases (e.g., [12]), then stop again when winter temperatures drop. As a consequence, its radial growth often presents a bimodal pattern (e.g., [11,13]). Large scale dendroecological studies [6] have shown that tree-ring width is generally promoted by precipitation in many months of the year. Especially May emerges as a key month, probably for the importance of spring shoot development for the overall tree performance [10]. Temperature is generally negatively correlated to growth rates during the central months of the year, but warmth has positive effects in the previous winter and in November of the year of ring formation [6].



In the last years, the research on the growth plasticity of Aleppo pine has received new stimulus with the definition and identification of the so-called Intra Annual Density Fluctuations (IADFs). IADFs occur when unusual conditions alter the normal radial growth (e.g., latewood-like cells within the earlywood and vice versa). They are classified according to their anatomical structure and relative position within tree-rings, and can be useful to define influences on radial growth caused by climatic fluctuations [14]. Summer drought and autumn precipitation have been reported as the main drivers of IADFs in Pinus halepensis [15]. Under severe stress conditions in extreme sites it may omit the xylem ring formation, an additional demonstration of its plasticity [16]. In general, the use of pointer years in dendroecology has often provided interesting insights on the biology of tree species and their response to extreme events [17]. Wood anatomical anomalies, such as fire scars or light rings, carry environmental clues that have greatly contributed to reconstructing the ecological history of large territories (e.g., fire history, insect outbreaks). Among the many features potentially available, those approaches allowing to evaluate cold adaptation in tree species and reconstruct the recurrence of frost events have been explored either using the “blue-rings” approach [18] or the so-called “frost rings”, i.e., layers of deformed or collapsed vessels and traumatic parenchyma cells corresponding to the occurrence of extreme cold events in periods of cambial activity [19]. Frost rings, sometimes becoming cracks in the core in correspondence of the parenchyma layer [20], may represent interesting long-term ecological archives if long tree-ring series are available.



In this study, we used tree-ring variability, wood anatomical anomalies, and remotely sensed phenology of two Pinus halepensis populations growing in the Italian Peninsula under contrasting ecological conditions (inland with cold and moist winter vs. coastal with pronounced summer drought and milder winter) with the aim to characterize the plasticity of the species and its response to climate change. In particular, we: (1) described the main biological features of the two populations in terms of lifespan, size, growth rates; (2) characterized and compared the ecology of the species in such different growth conditions (3) identified the main climatic events that affected the growth history of the two populations and their response to climate variability.




2. Materials and Methods


2.1. Study Sites


The sampled sites were located in the central (Val Serra) and southern (Monte Barone) part of the Italian Peninsula (Figure 1). In Val Serra, pine populations grew near the city of Terni, at an elevation varying between 490 and 730 m a.s.l. on North-West to South-West aspects. The mean slope is c. 27°, but variable along the mountain side. The climate is cold in winter, frost risk interests several spring and autumn months, and summer drought is limited. These ecosystems have been ascribed to moist pine forests types, but growing on shallow soils [21]. Our study area fell within two vegetation types: at low elevation, pine-dominated stands with Cupressus sempervirens L. on dry marly arenaceous soils; at higher elevation, Aleppo pine is facilitated as a standard after logging in a mixed coppice dominated by Quercus ilex, on limestone soils. We found no direct information on the forest’s history. At least part of it has been interested in the past by afforestation operations, i.e., presence of stone walls, to enhance its role as a protection forest.



Monte Barone is a Natural Biogenetic State Reserve of 124 ha established in 1977 and managed by Carabinieri Reparto Biodiversità, falling in the Municipality of Mattinata within the Gargano National Park. The Gargano Promontory hosts some of the best-preserved natural populations of Pinus halepensis. The climate is hot and dry, with a marked summer drought. The stand structure is uneven-aged, stratified after recurrent surface low-intensity fires occurred in past decades (0.2 ha in 8 September 2008; 3 ha in 29 June 2010; 0.2 ha in 19 August 2010; data provided by Col. Claudio Angeloro, Reparto Biodiversità Foresta Umbra, Carabinieri Forestali). Pines dominate the forests, where they may be associated with holm oak (Quercus ilex L.) and downy oak (Quercus pubescens Willd.) and an understory rich in shrub species typical of the Mediterranean scrub. The elevation ranges from 200 to 300 m a.s.l. with a North/North-East aspect and average slope c. 13° (Table 1), with particularly rugged topography. The soils are of the brown type, moderately deep.




2.2. Tree-Ring Data Collection and Analysis


Using a dendroecological approach, the sampled trees were cored at 1.3 m using increment borers and an associated set of metadata was collected (DBH; GPS coordinates and elevation; Table 2). A total of 58 trees were sampled, 23 at Monte Barone (in 2019) and 35 at Val Serra (in 2016) taking one sample per tree on the uphill side of the stem. In the laboratory, all increment cores were mounted, sanded, and surfaced with scalpels. Tree-ring widths were measured to the nearest 0.01 mm using a Computer Controlled Tree-Ring Measure Device (CCTRMD) interfaced with the software CATRAS. Earlywood and latewood were measured separately, subjectively distinguished according to the sharp transition between large thin-walled earlywood cells and the small thick-walled latewood cells, generally demarcated by a line of resin ducts. Synchronized and crossdated tree-ring series were kept for dendroecological investigations.



Crossdated cores were visually examined under a stereomicroscope for the presence of Inter Annual Density Fluctuation (IADFs), i.e., “a layer of cells within a tree-ring identified by different shape, size and wall thickness” and other pointer years [14], in particular, Frost Rings (FR), Non-Dormant Cambium (NDC, i.e., non-abrupt transition between latewood of the previous year and earlywood of the next year), Resin Canals into the Earlywood (ewRCs). IADFs were classified considering their position within the latewood, tagged as IADF L* by merging the categories IADF L+ and IADFs L described by Novak et al. [23]. IADFs and frost rings were easily distinguished in annual tree-rings and allowed to investigate intrannual growth response due to changes in climatic conditions.



For each type of pointer years (L*, FR, NDC, ewRC) we calculated the overall frequency within each population and the annual frequency. To understand if tree age and position may affect the occurrence of frost rings, the most represented events were analyzed in more detail.



Tree-ring width time series were used to calculate basal area increment (BAI; a proxy for annual biomass production [24]) using the dplR package [25]. Individual raw BAI series were averaged to produce a raw BAI chronology to explore productivity trends. We analyzed the relationships between the individual BAI and tree age or size. All calculations were performed using the R software [26].




2.3. The Climate-Growth Relationships


Tree-ring width, earlywood and latewood series were standardized by fitting a cubic smoothing spline with a 50-year period and a 50% frequency response to preserve high-frequency, while minimizing age- and size-related trends. Standardized series were then averaged to form a ring-width, earlywood or latewood standardized chronology, validated according to the expressed population signal (EPS > 0.85) and prewhitened by an autoregressive model selected according to the Akaike Information Criterion [27]. Bootstrap correlation functions were calculated between each prewhitened site chronology and the corresponding monthly climatic variables (maximum and minimum temperature, precipitation) spanning a 20-month window, from December of the current growth year to May of the previous year. Monthly precipitation and minimum/maximum temperature data were estimated by applying a weighted linear regression to a high-density network of meteorological stations (details in [28]). Weights were assigned to stations according to their similarity in geographic parameters (distance, elevation, slope steepness and orientation, distance from the sea) with those of the study sites.




2.4. Satellite Data Analysis


Sentinel-2 images are provided by the European Space Agency (ESA) at a maximum spatial resolution of 10 m and time resolution of 5 days, when the satellites Sentinel-2A and -2B are combined together. We chose all Sentinel-2 pixels close to the GPS points of the dendroecological sampling and corresponding to homogenous forest sectors (i.e., dense and continuous canopy cover). To enhance the homogeneity of the remote sensing sampling, we discarded areas characterized by frequent shadows in winter due to their slope and aspect (e.g., North to East).



Twenty-four and nineteen pixels were retained at Monte Barone and Val Serra, respectively. Sentinel-2 surface reflectance images (Level 2A), atmospherically and topographically corrected using the Sen2Cor processor [29], were collected on the Google Earth Engine platform [30], accessed from R using the package “rgee” [31]. Starting from the first complete year of level 2A directly provided by ESA (2018) until 2020, only the scenes with a cloud presence less than 20% were retained. The remaining low-quality data (medium and high probability of clouds, their shadows, and thin cirri) were masked using the Sen2Cor scene classification [29]. The dates with more than 50% masked pixels were not considered in the analyses to reduce the uncertainty associated with the reduced replication (186 scenes for Monte Barone, 75 for Val Serra). Spectral bands were combined to calculate the Enhanced Vegetation Index (EVI, [32]) using the same coefficients developed for MODIS:


  EVI   =   2.5 ∗      NIR    −    RED     (   NIR    +   6    ∗   RED    −   7.5    ∗   BLUE    +   1  )     



(1)







NIR, RED, and BLUE represent the reflectance in the near-infrared, red and blue spectral regions, respectively. EVI is a better proxy of forest vegetation activity and biomass than the more commonly used Normalized Difference Vegetation Index (NDVI), reducing the background influence and avoiding index saturation over high biomass areas [33].



The observations of the available 3 years (2018–2020) were temporally merged to create a single 1-year time series for each Sentinel-2 pixel. To remove the remaining variability connected to noise factors (e.g., low-quality observations not masked by the scene classification) and improve the reliability of the raw data [34], time series were smoothed using a LOESS (Locally Estimated Scatterplot Smoothing) filter. The flexibility of the filter was chosen using the cross-validation method [35]. To represent the average phenology of each site, we calculated the median and standard error of each pixel for each day of the year.





3. Results


3.1. Tree Age, Size, and Growth Rates


The analysis of codominant Aleppo pines showed reduced size variability both in Val Serra and Monte Barone, with a mean diameter of 44 ± 10 cm and 45 ± 4 cm, respectively. However, the maximum size was 10 cm larger in Val Serra than in Monte Barone. Moreover, the mean and maximum age were higher at Val Serra (79 ± 24 years, maximum 122 years) than Monte Barone (64 ± 12 years, maximum 97 years) expanding over a rather wide age distribution in both sites (Table 2). The age structure of codominant trees showed a rather continuous recruitment, with the absence of strongly synchronized regeneration peaks, which may suggest that continuous natural dynamics have structured both populations, especially at Monte Barone where there was no significant age-DBH relationship (Figure 2).



Maximum growth rates reached 35–45 cm2 yr−1 in both sites, at a comparable age and size (50–60 years, 50 cm). Especially at Monte Barone, the increase in productivity with size was much steeper (Figure 3b). When the overall period of analysis (1967–2016) was divided into two halves (1967–1991 and 1992–2016, the latter one characterized by warmer-drier climatic conditions) the relationships became weaker in the recent period (1992–2016; Figure S1a, right), or not significant in the older one (1967–1991; Figure S1b, right). When considering age as a predictor of BAI, relations were rarely significant, and older trees showed lower growth rates (Figure 3, Figure S1a,b).



Monte Barone showed higher values than Val Serra both for mean correlation with master chronology (0.68 ± 0.12 vs. 0.58 ± 0.16) and mean sensitivity (0.34 ± 0.03 vs. 0.26 ± 0.04), which respectively indicated a stronger common signal and higher year-to-year growth variability. Raw BAI chronology at Monte Barone showed a constant increasing trend culminating in the mid-1970s, followed by a stable mean productivity with important intra-annual variability (Figure 4). The lowest productivity minimum occurred between 1989 and 1990. At Val Serra, BAI had less variability and showed a slight decrease starting since the mid-1970s, with a minimum in 1985. Over the last 40 years, both populations showed no significant long-term productivity trend in response to the climatic drying up of the last decades.



Tree-rings showed different earlywood and latewood average widths (Table 2, Figure 5). Regarding earlywood, both sites showed a decreasing trend since the mid-1970s, but Val Serra had overall lower values and showed a less steep decreasing trend. Latewood width chronologies were stable and similar among the sites, with more pronounced interannual fluctuations at Monte Barone.




3.2. Climate-Growth Relationships


The prewhitened site ring-width chronologies of Val Serra and Monte Barone were scarcely correlated (Pearson’s r = 0.12), linked to different climatic drivers influencing the tree growth. Growth variability is controlled by summer drought and winter temperature at both sites, but with different coefficients and months involved (Table 3). The summer response was significant in June and August in the colder site (Val Serra), while especially August assumes a greater importance in the warmer one (Monte Barone). The winter cold affects mainly Val Serra, but pines in Monte Barone prefer a low temperature in spring probably to avoid the late frost impact in this metabolically active period. In the year of ring formation, a warm December stimulates growth in both sites, while warmth in December before the growing season affects the two sites in an opposite way: negatively in the cold one (Val Serra), to avoid damage connected to frost; positively in the warm one (Monte Barone) to stimulate the continuation of cambial activity through winter. April precipitation gains significance only in the warm Monte Barone, probably in connection with early phases of shoot development. The presence of previous summer signals, i.e., positive effects of drought, are important only in the cold site and may be connected to cone abortion and their positive effect on wood growth.



Earlywood width was mainly affected by February-March temperatures of the current year, but with opposite effects in the two sites (Table 4). In the colder Val Serra, winter warmth stimulated earlywood formation, while in the warmer Monte Barone it is inversely correlated to March temperature, possibly in relation to late frost impacts on early onsets of physiological activity. Drought in June-July was key to discriminate between earlywood and latewood in the colder Val Serra (i.e., June was important for earlywood, July, August, and September for latewood). In the warmer Monte Barone, the onset of latewood can be traced back already to drought in June. Latewood formation responds to drought until September in Val Serra or October in Monte Barone. Latewood formation is strongly promoted by warm temperature in December, but only in the cold site.




3.3. Satellite Data Analysis


Smoothed EVI values were characterized by low temporal variation during the study period (2018–2020; Figure 6a). Both sites had a similar average pattern, but a different variability and vegetation index values. Compared to Val Serra, Monte Barone showed higher EVI values, especially during the last part of spring, and higher inter-pixel variability, especially in winter when smoothed EVI values ranged approximately 0.15.



Maximum EVI values were obtained between May and June (Figure 6b), earlier and with a more pronounced peak at the warmer site (Monte Barone). The colder Val Serra showed sustained vegetation activity during the whole June, Monte Barone showed a faster after-peak decline. EVI decreased for both sites throughout July and, around mid-August, it stabilized at low levels in Val Serra, while the warmer Monte Barone showed a second lower peak in activity protracted until early October, after which it fell to minimum values.




3.4. Pointer Years and Frost Events


A total of 4.194 tree-rings were analyzed on cores from the two sites (Val Serra, 2715; Monte Barone, 1479) where we found a total of 224 pointer years, 114 in Val Serra and 110 in Monte Barone, distributed among four different types (L*; ewRC; NDC; FR) (Figure 7a). IADF L* was the most represented type in both sites (Figure 7), with a higher frequency and the maximum in the last three decades (Val Serra: 2004; Monte Barone: 2009). NDC was rarely found in both sites, occurring more frequently only in a few years (1954 and 1984 in Val Serra; 1989 in Monte Barone). In addition, ewRC was the second most frequent type in the warmer Monte Barone, not found in the colder Val Serra. Frost rings occurred only in Val Serra (Figure 7b). We found a total of 29 tree-rings with distorted tissue damaged by frost, with the highest frequency in 1956 (16%), 1963 (21%), 1985 (29%), as a consequence of cold events in the first months of the year (January or February; Table S1). Frost rings were identified especially in trees at higher elevation, but with significant differences only in 1985 (Figure 8). In this year, trees growing above c. 550 m a.s.l. were more susceptible to frost. Age did not influence the occurrence of frost rings, both young (even with a few years) and old trees were interested (no significant age difference found).





4. Discussion


The analysis of the two selected Pinus halepensis populations confirmed the high plasticity of the species and its ability to occupy largely different climatic conditions, from extremely dry to cold-moist winter conditions in the Mediterranean Basin [5]. The two sites well represent the contrasting environmental conditions experienced by the species in the North side of the Mediterranean Basin, where it can dominate coastal forests and, occasionally, sub-mediterranean, cooler areas. In the cooler inland site (Val Serra), in addition to the lower average temperature, annual precipitation sums up to almost double that in the coastal-southern site, and frost risk is present in several months (also in autumn and spring). The two populations differed substantially in maximum size, productivity, phenology, and climate signals controlling earlywood and latewood growth. Alongside the lack of correlation between their growth chronologies, these differences testify both the spectrum of ecological conditions covered by Aleppo pine across its range and the effectiveness of using it for dendroclimatic studies [6]. A further dimension of the study is represented by within-site differences among trees indicating that, besides the existing common pattern of year-to-year variation, important micro-environmental effects in Pinus halepensis populations are due to their open structure or soil features [5].



Pinus halepensis crown phenology inferred from EVI at the two sites showed comparable seasonal patterns, but earlier effects of drought and prolonged activity in the second part of the year at the warmer site. EVI steeply increased in April–May and peaked in late May–June. The onset of activity corresponded to the rapid shoot growth rate in spring reported for the species [10]. However, in the warmer Monte Barone, the EVI peak was anticipated by c. 20 days and declined earlier, but kept a second activity peak in August to early October. Due to its colder environmental conditions, Val Serra showed a longer duration of peak activity in June, but no signs of continuation through late summer-autumn. Our EVI phenology showed a similar amplitude, but different patterns compared to the NDVI phenology from lower resolution sensors in Spain [36] and Greece (investigating Pinus halepensis and Pinus pinea populations, [37]), which showed a winter peak in the vegetation index followed by a second peak in spring. Conversely, our EVI profiles were more similar to the NDVI dynamics of the mixed Pinus pinea and Pinus pinaster stand in Central Italy [38]. Compared to the broadleaf species, the phenology from vegetation indices should be used with more caution in evergreen conifers, since their lower intra-annual range makes it difficult to isolate the vegetation activity from other noise factors [39]. Despite the topographic correction, the high winter EVI variability could be connected, especially on N-NE aspects, to topographic effects [40].



In both sites, the species did not show exceptionally high longevity, i.e., the oldest sampled trees have c. 100 years (Monte Barone) or 125 years (Val Serra). Such lifespans are in line with what was found in many parts of the Mediterranean, but remain lower than the 150–200 years reported for Pinus halepensis longevity [6]. Novak [23] reported a maximum lifespan of 215 years from the cross-dated tree-ring series in Spain. In Val Serra, where slower growth rates could be a promoting factor of a long lifespan [41,42,43], the maximum age did not surpass 125 years. Interestingly, the same maximum age emerged in a previous (2004) sampling from the same forest: in 2016, we found several trees close to the same maximum age, but no one older. Moreover, in most of the largest trees, we observed the presence of heart-rotting fungi (Figure S2), such as Porodaedalea pini (Brot.) Murrill 1905, suggesting a potential limit in cool-wet environments connected to pathogens. The occurrence of wood scars associated with recurrent frosts (see below) could represent a potential entrance for infection: in this cool-moist valley protected by wind, where fire is a minor disturbance, heart-rot may be a chief agent of density-independent mortality. In Monte Barone, instead, recurrent fires (generally low-intensity ones within the site, but reaching higher intensity on nearby coasts) may represent a factor hampering the development of very old trees. This is testified by the limited size realized by pines here and the presence of several large trees with fire scars (Figure S2). It is remarkable, however, to have spots in the Reserve able to preserve old trees (c. 100 years old), important to sustain the natural dynamics of this unique stand in Italy.



The average tree productivity was higher in the warmer site, despite longer and harsher summer droughts, highlighting the important role of a long growing season for Pinus halepensis [6]. In the cooler Val Serra, although site conditions allow the survival of larger trees, growth rates remained lower. BAI at the warmer Monte Barone was similar to what was reported in Southern Spain populations [44]. In both cases, and with a similar variation to Southern Spain, individual tree productivity showed a remarkable variability, possibly connected to the uneven-aged and open structure of both stands, as well as the geomorphologic within-stand differences (ridge vs. slope, rocky vs. forest soils). Within each Aleppo pine population, the highest growth rates were observed in trees with DBH around 50 cm and age below 50–60 years old. While no sampled tree exceeded 50 cm in Monte Barone, larger trees (DBH > 50 cm) in the moister site (Val Serra) showed lower growth rates. Growth rates are expected to increase with tree size [45] but, especially in drought-prone areas, a larger size may correspond to the higher exposure to hydraulic failure (e.g., [46]). Another explanation may be found in the higher exposure of larger trees to canopy damage by frost or other disturbances. In the warmer site (Monte Barone), the lack of very large trees may be attributed to the recurrence of anthropogenic surface fires: in nearby Pinus halepensis populations growing at a similar elevation, but in more protected conditions (e.g., “Pineta Marsini”), the species can show higher DBH.



Tree productivity has remained relatively stable in both sites since the 70s, with the warmer Monte Barone keeping higher BAI. Studies analyzing growth trends in P. halepensis are rare. In Southern Spain, Linares et al. [44] found a similar behaviour in the last decades (70s-), and explained it with the ability of the species to keep lower water costs under increasing long-term drought. The stability of BAI trends demonstrated the high plasticity of Aleppo pine in terms of tolerance to warm-dry periods [11] in comparison to other tree species, characterized by increasing summer drought impacts in the same period (e.g., [47]). However, under extremely dry conditions, even Aleppo pine may show substantial growth declines [48]. Tree-ring formation may be omitted in exceptionally dry years in extremely dry environments [16], but we found only one missing ring among thousands demonstrating that our sites are not yet close to the dry limit of this species. In any case, the growing season actual evapotranspiration remains the main driver of growth dynamics [49], being P. halepensis well adapted to the scarcity of water resources [7,8]. While the cooler Val Serra showed less sensitive growth rates, Monte Barone had frequent spikes in latewood width with higher interannual variability. A longer growing season under warmer climatic conditions may compensate for the longer drought stress [11]. Interestingly, earlywood width at both sites stabilized in the last 20 years (possibly in connection with the so-called “climate hiatus”, [50]) while, interestingly, latewood widths were often comparable. The warmer site (Monte Barone) showed substantially higher peaks after 2000, possibly connected to an extension of the growing season under the warm autumn conditions, which frequently occurred in the last two decades [11].



Growth variability was controlled by summer drought and winter temperature at both sites, in line with the presence of double stress throughout the year and the species’ ability to resume the cambium activity [6]. However, the dynamics were differently modulated by the two populations according to the site temperature: cambial dynamics may stop for 1 to 3 months in winter, and slow down or stop during summer drought [11]. Ring-width at the colder and moister Val Serra was cold-limited in the previous winter, but more responsive throughout summer and favoured by warmth in current winter. A warm December could stimulate growth continuation especially in cold sites, and have lower importance in warmer ones [11]. The warmer Monte Barone did not show a cold limitation to the onset of the growing season, or for its prolongation. It may be limited, instead, if a warmer spring exposes the shoot development to late frosts. In addition, it was interested by an earlier onset of drought effects on latewood formation (June), with a key role of August in determining the overall ring-width. Its latewood responded to drought until October (September in Val Serra). The Aleppo pine growth biology allows it to stop cell formation during dry phases and quickly recover it when water becomes available, so that the summer drought duration and severity have a key role in determining growth dynamics [10]. Overall, site differences in xylogenesis dynamics reflected the differences in phenology and were in line with what was expected from warm dry vs. cooler temperature populations [11]. De Luis et al. [6] reported similar considerations by studying the tree-ring response of the species across its range: The winter response changed from positive to negative moving from mesic to drier sites, and the response to precipitation disappeared as the summer drought severity increases, with trees entering a quiescent and nonreactive state.



An emblematic trait describing Pinus halepensis growth plasticity is its ability to form IADFs (4%–7% measured rings in our case), generally connected to prolonged latewood formation with earlywood-like cells, related to the recovery of growth after the summer drought [15]. IADFs showed increasing frequencies since the 90s at both sites, demonstrating their strict connection with warming and summer drought conditions [14]. Both sites may show a continuous shift from latewood to earlywood in years when cambium appeared as non-dormant, indicating growth continuation throughout winter even in the colder site [11]. In warm sites, cambium of P. halepensis may show enlarging cells in winter, and latewood tracheids formed in the previous growing season continued secondary wall formation and lignification through winter until the next calendar year [23]. The formation of new xylem may thus overlap with the final development of the terminal cells of the previous ring. This is an advantage, especially in coastal warm areas, such as Monte Barone, where extreme frosts are unlikely (no temperature colder than −10 °C since 1900; Table S1). The continuation of cambial activity may instead become a problem in frost-prone internal areas: five frost events were recorded into rings of the colder Val Serra, coinciding with some of the lowest temperatures registered in Italy since the beginning of the XX century (January or February daily minimum temperature dropped below −10 °C in 1938, 1956, 1963, 1985, 2012). Several of these exceptional years were also highlighted by Galli [51] as growth minima in Pinus pinea in Ravenna, on the Adriatic coast of Italy. Freezing temperatures when the cambium is active trigger the formation of tree-rings characterized by traumatic tissues (i.e., frost rings) in both angiosperms and conifers. Frost rings, made of unusual axial parenchyma cells or tracheids with an irregular structure, appear in the annual secondary xylem as a layer of crushed, irregular cells. They represent the most extreme form of wood anatomical imprints left by extreme temperature, formed with freezing conditions below species-specific thresholds [52]. In Pinus halepensis, we found that at least one day below −10 °C is enough to affect ring formation. The existence of non injured rings in years with comparable temperature drops hinted at the additional role played by previous autumn-winter weather conditions on predisposing trees to frost damage. Several studies have observed this anomaly in tree-rings produced by a young cambium [52], but in Val Serra we found this phenomenon in individuals of every age and size. Among all frost events, what happened in Italy in January 1985 deserves a special mention: most of the first half of the month was well below 0 °C, and the minimum temperature remained below −10 °C for 6 days (absolute minimum, 12 January: −13.3 °C; Table S1). This year expands the tolerance limit of the species, known to tolerate winter temperatures as low as −12 °C [53]. The 1985 event, indeed, remained impressed in climatological and agricultural archives: most olive trees died in orchards in inland areas, and large rivers (e.g., the Arno in Florence) or the Venice Lagoon froze [54].



The frost events registered in Pinus halepensis demonstrated the plasticity of this thermophilous species to survive recurrent frosts, a trait that distinguishes the Umbria provenances [53]. It could also provide interesting clues to interpret the ecological history of the species in inland areas of Central Italy, where its naturalness has been questioned [55]. In Val Serra, frost effects were pronounced especially above 550–600 m a.s.l., where old trees were absent. Given the age distribution of pines, it is plausible that its expansion above that elevation has been favoured by the warmer temperatures only in the last decades. The ability of the species to resist extreme frosts may also suggest that its presence in internal areas could have occurred naturally, even during colder climatic phases (e.g., the Little Ice Age, LIA), at least on south-western aspects below 500 m a.s.l. (minimum elevation in the surroundings reaches c. 100 m a.s.l.). In nearby areas (Rieti Basin), long-term palynological studies have demonstrated the continuous presence of Pinus pollen during the alternating climatic phases (e.g., Warm Medieval Epoch, LIA) of the last 2000 years [56]. Among the pine species potentially interesting Central Italy, P. halepensis certainly represents one of the best candidates for colonizing the area of Terni (Val Nerina).



The adaptability of Pinus halepensis to a vast range of ecological conditions in the Mediterranean Basin can greatly rely on the growth plasticity of its cambium. Nonetheless, in colder areas, its inability to stop in winter may convert the advantage to dangerous exposure to risk. Even in this case, Aleppo pine demonstrated its tolerance of exceptionally low temperatures: all pines with frost rings were in good health at the time of sampling. On the Gargano Promontory, oppositely, the pines at Monte Barone showed an interesting increase in latewood density fluctuations stimulated by warming in recent decades. Only here we found resin ducts in earlywood, of probable traumatic origin and related to early drought occurrences or other ecological factors (e.g., insects). Dendroclimatic studies including pointer years, either IADFs or anatomical features, demonstrated a great potential to describe forest ecological history and tree response to climate change.
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Figure 1. Study sites position in relation to Pinus halepensis distribution range [22] and their corresponding climatic diagrams (according to Walter and Lieth). 
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Figure 2. The relationship between diameter at breast height (DBH) and age (number of years, yr), modelled by linear regression for Val Serra (black; equation in the plot, p < 0.01) and Monte Barone (red; non-significant). Only samples with pith were used (number of replicates in the legend). The empty red circle indicates the oldest tree in Monte Barone, where the pith was missing. 
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Figure 3. Linear regression between BAI (1967–2016) vs. trees age (a) and DBH (b) for Val Serra (black) and Monte Barone (red). Continuous lines represent a significant regression (p < 0.05), whose equations are reported in the plot with colour corresponding to the site. 
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Figure 4. Comparison between mean BAI chronologies of the two study sites. Chronologies validated according to their EPS: Val Serra, 1920–2016; Monte Barone, 1953–2019. 
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Figure 5. Comparison between earlywood (solid line) and latewood (dashed line) width chronologies for the two study sites. Chronologies were validated according to their EPS. 
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Figure 6. (a) Smoothed enhanced vegetation index (EVI) values for all the Sentinel-2 pixels summarized by a boxplot for each site and period (16 days). (b) LOESS (Locally Estimated Scatterplot Smoothing) curve of median EVI of all pixels (±standard error) for each site. 
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Figure 7. (a) Different types of pointer years detected and their percentage of occurrence. L*: Interannual density fluctuation in latewood; ewRC: Resins canals in the earlywood; NDC: Non-dormant cambium, i.e., continuous shift from latewood to earlywood; FR: Frost ring characterized by distorted xylem tissue or callous tissue. (b) Val Serra pointer year frequency. (c) Monte Barone pointer year frequency. Data plotted since 1935, since 1937 was the first year with a pointer ring. 
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Figure 8. Elevation covered by the three most important frost events. Boxplots were referred to all the available trees grouped by year, highlighting elevation differences between damaged and undamaged trees (p-values from a non-paired t-test). Coloured points refer to trees with pith, their size proportional to age. 
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Table 1. Geographical features of the two study sites.
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	Site
	Samples
	Latitude (°)
	Longitude (°)
	Elevation Range (m a.s.l.)
	Slope (°)
	Aspect





	Val Serra
	35
	42.6448
	12.6565
	490–730
	26.8
	SW



	Monte Barone
	23
	41.7450
	16.1303
	200–300
	12.9
	NE
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Table 2. Tree-ring sampling and dendrochronological features of the two study sites. Basal area increment (BAI) values and mean earlywood and latewood widths are referred to the common 50-year period (1967–2016). EPS: Expressed population signal.
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	Site
	N Samples
	DBH 1 (cm)
	Age 1 (yr)
	BAI 1 (cm²/yr)
	Earlywood

Width ¹

(mm/yr)
	Latewood

Width ¹

(mm/yr)
	EPS > 0.85
	N Trees 2





	Val Serra
	35
	44 ± 10 (25–62)
	79 ± 24 (35–122)
	16.1 ± 3.2 (7.0–42.1)
	1.13 ± 0.70

(0.10–7.26)
	0.39 ± 0.24 (0.02–3.12)
	1920–2016
	10



	Monte Barone
	23
	45 ± 4 (37–52)
	64 ± 12 (43–97)
	23.7 ± 6.6 (12.0–35.8)
	1.79 ± 0.69

(0.15–9.68)
	0.56 ± 0.22 (0.06–4.53)
	1952–2019
	10







1 Mean values and standard deviation, range in parentheses. 2 Minimum number of trees included in the mean BAI chronologies in the period with EPS > 0.85.
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Table 3. Bootstrap correlation functions calculated between the prewhitened tree-ring width chronologies of Val Serra and Monte Barone and monthly climatic data (time span: 1953–2016). Blue/red values indicate a significant positive/negative correlation (p < 0.05).
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Year Preceding Growth

	
Year of Growth




	

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec

	
JAN

	
FEB

	
MAR

	
APR

	
MAY

	
JUN

	
JUL

	
AUG

	
SEP

	
OCT

	
NOV

	
DEC






	
VAL SERRA




	
P

	
0.10

	
−0.03

	
−0.14

	
−0.30

	
−0.06

	
0.13

	
−0.05

	
0.08

	
−0.11

	
−0.09

	
−0.13

	
0.05

	
0.10

	
0.29

	
0.21

	
0.24

	
0.18

	
0.06

	
−0.05

	
0.09




	
Tmax

	
0.05

	
0.08

	
0.34

	
0.36

	
−0.02

	
0.02

	
−0.21

	
−0.14

	
0.05

	
0.28

	
0.27

	
0.20

	
−0.05

	
−0.22

	
−0.19

	
−0.15

	
−0.13

	
−0.01

	
0.23

	
0.09




	
Tmin

	
0.03

	
0.13

	
0.30

	
0.30

	
0.02

	
0.10

	
−0.12

	
−0.30

	
−0.03

	
0.19

	
0.18

	
0.24

	
0.04

	
−0.07

	
−0.07

	
−0.05

	
−0.04

	
0.05

	
0.14

	
0.21




	
MONTE BARONE




	
P

	
−0.07

	
−0.09

	
−0.08

	
0.08

	
−0.07

	
−0.07

	
0.20

	
0.16

	
0.25

	
0.06

	
0.07

	
0.24

	
0.17

	
0.25

	
0.30

	
0.46

	
0.10

	
0.13

	
−0.18

	
−0.01




	
Tmax

	
0.16

	
0.05

	
0.05

	
0.02

	
0.05

	
−0.10

	
0.00

	
0.09

	
−0.09

	
−0.07

	
−0.27

	
−0.20

	
−0.09

	
−0.09

	
−0.20

	
−0.41

	
−0.27

	
−0.11

	
0.06

	
0.17




	
Tmin

	
0.09

	
0.10

	
0.14

	
0.10

	
0.08

	
−0.15

	
0.12

	
0.22

	
0.09

	
0.04

	
−0.21

	
0.00

	
−0.08

	
−0.05

	
−0.05

	
−0.31

	
−0.11

	
−0.12

	
−0.04

	
0.23








P, monthly precipitation; Tmax, monthly maximum temperature; Tmin, monthly minimum temperature.
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Table 4. Bootstrap correlation function coefficients calculated between the prewhitened earlywood (a) and latewood (b) width chronologies of Val Serra and Monte Barone and monthly climatic data (time span: 1953–2016). Blue/red values indicate a positive/negative correlation (p < 0.05). In grey: Important months in determining the formation of earlywood vs. latewood.
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Year Preceding Growth

	
Year of Growth




	

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec

	
JAN

	
FEB

	
MAR

	
APR

	
MAY

	
JUN

	
JUL

	
AUG

	
SEP

	
OCT

	
NOV

	
DEC






	
VAL SERRA




	
(a)




	
P

	
0.08

	
0.00

	
−0.13

	
−0.12

	
0.06

	
0.02

	
−0.04

	
0.05

	
−0. 09

	
−0.14

	
−0.14

	
0.06

	
0.11

	
0.33

	
0.06

	
0.07

	
0.00

	
0.11

	
−0.10

	
−0.05




	
Tmax

	
−0.02

	
0.07

	
0.27

	
0.22

	
−0.09

	
0.01

	
−0.14

	
−0.05

	
0.15

	
0.37

	
0.29

	
0.11

	
−0.09

	
−0.26

	
−0.20

	
−0.04

	
0.02

	
−0.08

	
0.08

	
0.01




	
Tmin

	
−0.01

	
0.16

	
0.25

	
0.19

	
0.03

	
0.11

	
−0.09

	
−0.16

	
0.12

	
0.29

	
0.20

	
0.15

	
0.07

	
−0.06

	
−0.13

	
0.04

	
0.05

	
0.03

	
−0.05

	
0.05




	
(b)




	
P

	
0.15

	
0.05

	
−0.08

	
−0.27

	
−0.09

	
0.08

	
−0.01

	
0.03

	
−0.07

	
−0.01

	
−0.17

	
0.00

	
0.03

	
0.11

	
0.38

	
0.49

	
0.27

	
−0.07

	
−0.03

	
0.19




	
Tmax

	
0.05

	
−0.11

	
0.19

	
0.33

	
−0.08

	
0.04

	
−0.26

	
−0.22

	
−0.13

	
0.22

	
0.24

	
0.08

	
−0.10

	
−0.09

	
−0.30

	
−0.43

	
−0.34

	
0.06

	
0.25

	
0.21




	
Tmin

	
0.11

	
−0.04

	
0.18

	
0.30

	
−0.06

	
0.06

	
−0.20

	
−0.30

	
−0.19

	
0.17

	
0.08

	
0.08

	
0.00

	
−0.02

	
−0.08

	
−0.26

	
−0.11

	
0.11

	
0.22

	
0.44




	
MONTE BARONE




	
(a)




	
P

	
−0.15

	
−0.07

	
−0.05

	
0.09

	
−0.06

	
−0.01

	
0.20

	
0.13

	
0.23

	
0.16

	
0.10

	
0.26

	
0.18

	
0.19

	
0.09

	
0.26

	
−0.10

	
−0.01

	
−0.06

	
−0.03




	
Tmax

	
0.22

	
0.03

	
0.03

	
0.00

	
0.04

	
−0.16

	
0.08

	
0.09

	
−0.09

	
−0.13

	
−0.34

	
−0.21

	
−0.17

	
−0.16

	
−0.08

	
−0.22

	
−0.05

	
0.01

	
0.02

	
0.08




	
Tmin

	
0.08

	
0.11

	
0.09

	
0.03

	
0.09

	
−0.17

	
0.18

	
0.19

	
0.04

	
−0.02

	
−0.24

	
−0.04

	
−0.13

	
−0.09

	
−0.03

	
−0.20

	
−0.01

	
−0.03

	
−0.08

	
0.12




	
(b)




	
P

	
−0.01

	
−0.04

	
0.01

	
0.18

	
0.05

	
−0.04

	
0.09

	
0.08

	
0.18

	
0.08

	
0.11

	
0.08

	
0.03

	
0.25

	
0.35

	
0.48

	
0.33

	
0.27

	
−0.21

	
0.08




	
Tmax

	
0.08

	
−0.02

	
0.05

	
−0.07

	
−0.05

	
−0.06

	
0.01

	
0.02

	
−0.09

	
−0.01

	
−0.27

	
−0.10

	
0.11

	
0

	
−0.31

	
−0.41

	
−0.39

	
−0.32

	
0.15

	
0.11




	
Tmin

	
0.02

	
0

	
0.10

	
0

	
0.01

	
−0.15

	
0

	
0.19

	
0.10

	
0.13

	
−0.19

	
0.03

	
0.10

	
0.07

	
−0.11

	
0.30

	
−0.13

	
−0.21

	
0.05

	
0.20








P, monthly precipitation; Tmax, monthly maximum temperature; Tmin, monthly minimum temperature.
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