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Tree-Ring Analysis and Genetic Associations Help to Understand Drought Sensitivity in the Chilean Endemic Forest of Nothofagus macrocarpa
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Extreme drought events have increased in frequency during the 20th century triggered by global change. Thus, understanding tree-growth resilience across different terrestrial biomes has become a key goal in forest ecology. Here, we evaluate the tree-growth resilience to severe drought in the only Mediterranean-type Ecosystems of South America, using five isolated populations of Nothofagus macrocarpa. For each tree, in each sampling site, we obtained wood cores and fresh leaves for dendrochronological and population genetic analysis, respectively. An evaluation was conducted on growth resilience components in response to the most extreme drought of the 20th century in central Chile (i.e., 1968, with ∼80% of rainfall deficit), and the influence of genetic variability, biogeography, and tree size. We hypothesize that even though current remnant populations of N. macrocarpa are small and isolated, they have locally withstood changes in climate, and that they will be genetically diverse and have a high resilience to extreme droughts. We used nuclear microsatellite markers to estimate tree genetic variability in N. macrocarpa and investigate its correlation with phenotypic traits. We found a higher resistance in the two southernmost populations (mesic sites) than in the three northern populations (xeric sites), however those three xeric populations showed a higher recovery. In addition, a significant clear positive linear correlation between precipitation and resistance, and a negative recovery and relative resilience of tree growth to the extreme drought event of 1968 can be seen. High diversity for simple sequence repeats (SSR) markers was observed, although no population structure was inferred. Southern populations had a higher number of private alleles, which may be an indication of their long-lasting persistence under mesic conditions. Therefore, differences in resilience components are mainly explained by tree size and sites influences, but not genetic diversity. We concluded that observed differences in tree-growth resilience among sites can be explained by a great deal of phenotypic plasticity, fostered by genetically diverse gene pools. We advocate for a genome-wide analysis (i.e., SNP) so as to identify genomic regions correlated with phenotypic traits in order to improve the understanding of the evolutionary processes that shaped this forest resilience over time.

Keywords: dendroecology, genetic diversity, geographic isolated forests, phenotypic plasticity tree-growth resilience, global change, Chilean forests, Mediterranean-type ecosystems


INTRODUCTION

Recent global warming has favored droughts (i.e., below-average precipitations and increased atmospheric evaporation) and desertification in most Mediterranean and temperate biome (Ahmed et al., 2013; Tsakiris, 2017; McDowell et al., 2020), but precipitation has increased in other regions, such as central Asia (Chen et al., 2021). Understanding how it influences tree growth and forest productivity across different terrestrial biomes has become a major aim of forest ecology research (Anderegg et al., 2015; Gazol et al., 2017a). A potential effect of drought and warming is the increase of climate-driven mortality of trees and forest decline (Allen et al., 2015; McDowell and Allen, 2015). Dendrochronology (tree-ring analysis) can help to reveal past forest growth conditions at annual resolution, and contribute with some important clues on trees adaptability (Schweingruber, 1996). In spite of the long tradition of tree-ring analysis, the relationship between genetic diversity and fitness in tree species is still poor (Matías et al., 2016; Evans et al., 2018). Broadly speaking, it is assumed that trees populations with greater genetic diversity have higher growth rates due to growth consistency and resilience to climatic disturbances (Reed and Frankham, 2003). However, there is still no agreement on the relationship between individual genetic diversity and tree growth, with positive relationships (e.g., Rodríguez-Quilón et al., 2015; Neophytou et al., 2016; González-Díaz et al., 2020) or no associations (Babushkina et al., 2016; Johnson et al., 2017).

The drought effects on tree growth may differ among forest type and species (Camarero et al., 2015). Some studies suggested that species from xeric habitats are better adapted to drought stress than species from mesic habitats (Linares and Tíscar, 2010), but others indicate the xeric habitats are highly affected by drought severity (Pompa-García et al., 2017). Therefore, for a better understanding of drought sensitivity it is necessary to analyze forests across a climatic gradient (Camarero et al., 2013). Moreover, the ecophysiological processes influencing tree growth are expected to change with individual age and size (Piovesan and Biondi, 2021). However, the genetic composition of tree populations is not explicitly considered in the traditional dendrochronological studies, and observed changes are assumed to be driven primarily by physiological responses to climatic change, without a significant genetic contribution (King et al., 2013). Heer et al. (2017) showed that phenotypic time series archived in tree rings are a powerful resource in genetic association studies. Recently González-Díaz et al. (2020) found that the levels of genetic diversity and its positive correlation with growth might have implications in the local tree response to increased drought conditions.

Mediterranean-type environments, like the central region of Chile, with winter rainfalls and summer droughts (Quintana and Aceituno, 2012), are one of the world’s “biodiversity hotspots” (Arroyo et al., 2006). They are among the most threatened forest ecosystems by climate change worldwide (Allen et al., 2010), and under significant habitat loss due to more than 300 years of intensive human activities (Hernández et al., 2016). The geology and geography of this Chilean region, characterized by a narrow valley between two great mountain cordilleras, Coastal and Andes range, and historical climate changes during Tertiary have generated high levels of endemism and biodiversity (Villagrán, 1995; Luebert and Pliscoff, 2006; Scherson et al., 2014). Specifically, the Mediterranean deciduous forest of Chile (MDFC) has suffered repeated cycles of flora expansion and isolation due to quaternary glaciations, which have contributed to shape the distribution of the current vegetation and floristic discontinuities between both mountains (Villagrán and Armesto, 2005).

These forests are relics of wider distributed floras from the past, that currently have been restricted as consequence of Quaternary’s climatic oscillations and anthropic influences, evidencing it is great ecological and evolutionary relevance (Mathiasen et al., 2020). Similarly, human activities have significant effects on genetic factors of tree taxa, whose consequences will depend on their life history characteristics (Mathiasen et al., 2007). Nothofagus macrocarpa [(DC.) Vásquez et Rodr.] distribution is considered a palaeoendemism, as it inhabits these Mediterranean-type climates at the genus northernmost range in South America, being considered the most important forest within MDFC (Gajardo, 2001; Donoso et al., 2010). It is currently distributed in small, isolated, disjoint populations remnants of its widespread past, where it is the dominant of tree species (Amigo and Rodriguez-Guitian, 2011). Because it is mainly restricted to the Metropolitan Region, near Santiago de Chile city, it has been subjected to intense exploitation pressures due to its wood quality (Donoso et al., 2010), mainly the populations near roads (Venegas-González et al., 2019). Recently it has been shown that N. macrocarpa forests growth rates are declining at a high rate due to increasing desertification and global climate change (Venegas-González et al., 2018a,b).

Nothofagus genus holds high genetic variability and it is widely distributed in South America, from Mediterranean to polar climates, colonizing diverse habitats (Premoli et al., 2012). In addition, Nothofagus species easily hybridize in contact zones, resulting in the introgression of new genetic variation through the development of fertile hybrids (Donoso, 1987; Acosta and Premoli, 2010; Premoli et al., 2012; Soliani et al., 2015; El Mujtar et al., 2017). Recently, based on nuclear microsatellites and chloroplast DNA, it was shown that N. macrocarpa is highly diverse and three geographically structured groups of populations were revealed through Coastal and Andes mountain ranges, and the Central depression (Mathiasen et al., 2020), supporting the high polymorphism expected along a latitudinal gradient in geographical patchy distributed species (Donoso, 1987).

Growth response to extreme drought and resilience vary across the distribution range of tree species (Gazol et al., 2017a), which could be related to individual size, site conditions or genetic aspects (Housset et al., 2021). In this study, we evaluated the growth resilience of N. macrocarpa populations, across the latitudinal gradient of its natural distribution, to severe drought in central Chile and the influence of genetic variability, bioclimatic envelope, and tree size. Considering that N. macrocarpa forests are relics that survived the last glacial period (Villagrán, 1995), we hypothesize that despite the isolation of current populations, all are highly resilient to extreme droughts. Long lasting local persistence of N. macrocarpa populations was also reinforced by phylogeographic analysis through chloroplast DNA (Mathiasen et al., 2020). Here, we assess components of forest growth resilience to 1968 drought through the estimate of resilience (Rs), relative resilience (RRs), resistance (Rt) and recovery (Rc) in central Chile during the 20th century, considering different age classes. We estimated the genetic variability of N. macrocarpa trees based on nuclear microsatellite markers and investigated their correlations with phenotypic traits expressed under extreme drought conditions. The main aims are: (i) to determine the resilience, resistance, and recovery to a severe drought in each population; (ii) analyze the genetic diversity within and among populations; and (iii) examine the contribution of genetic traits and tree size on growth resilience of N. macrocarpa individuals to drought.



MATERIALS AND METHODS


Study Area and Nothofagus macrocarpa Populations

The study area is located in central Chile (32°57′ to 34°51′S, and 71°07′ to 70°40′W), both in Coastal and Andes mountain ranges. Five isolated populations of N. macrocarpa, structured in three genetic groups (Mathiasen et al., 2020), were sampled in central Chile mountains reaching the entire species distribution. Coastal sites are located in PLC (National Park La Campana), SER (Nature Sanctuary “El Roble”), SAC (Nature Sanctuary “Altos de Cantillana”), and RNL (National Reserve “Robleria Loncha”); while Andes site are located in SAH (Nature Sanctuary “Alto Huemul”) (Figure 1A and Supplementary Figure 1). All sampling sites are currently protected to different degrees (Park, Reserve, or Sanctuary) as national priority areas for flora and fauna conservation. However, the protection status was recently established, and most forests were under human disturbance activities until recently (for details see Venegas-González et al., 2019).
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FIGURE 1. (A) Study area of five studied N. macrocarpa population (red is Santiago city). (B) BAI series of N. macrocarpa and annual total precipitation series by five sites for period 1950–2014. (C) Mean (bars) and SEM (segments) for the resilience components at each study site; Rt: Resistance, Rc: recovery, Rs: resilience, RRs: relative resilience. Different letters indicate significant difference between sites at 95% confidence level, while “ns” is not significative. (D) Relationship between precipitation and resilient components of N. macrocarpa five sites.


This Mediterranean ecoregion is characterized by a rainy winter (June to July) and a long dry summer (December to March), and the Coastal is drier than the Andes mountain range. The inter-annual rainfall in this region is highly variable and very influenced by the ENSO, with warm (cold) events in the central equatorial Pacific associated with wet (dry) conditions in central Chile (Montecinos and Aceituno, 2003). The five populations are found in a climatic gradient, being the northern populations those with the most xeric conditions (PLC and SER, annual precipitation <300 mm), while those of southern populations are more humid (RNL and SAH, annual precipitation >500 mm), and SAC is an intermediate site (Supplementary Figure 2). The mean temperature range for the study sites is 13–16°C. Throughout the Andean range, soils are developed from volcanic or granitic rocks and glacial sediments, and classified in the large group of forest brown soils, with a medium depth in slopes and deep in the high plains (Donoso, 1982). While through the Coastal range, soils are formed from granitic rocks and are poorly developed, usually residual on rocky outcrops (Villagrán and Armesto, 2005).

The geographical distribution of MDFC in the Andes mountain range has been shaped by the high elevations in these latitudes, which hampered the migrational dynamics of species (Armesto et al., 1995). This region has shown evidence of dynamical interactions between geomorphologic and climatic phenomena in the post-glacial period, with frequent cataclysm successions, volcanic eruptions and alluviums, which would also be associated with flora distribution patterns (Donoso, 1982), while the Coastal range is characterized by vegetation islands on hill tops, with high-elevation vegetation (Villagrán and Armesto, 2005). These Coastal plant assemblages would have been separated from the Andes vegetation due to the climatic changes during the last glacial-interglacial cycles in central Chile (Villagrán, 1995). This hypothesis is supported by the phytogeographic features of the hills at El Roble, La Campana, and Altos de Cantillana (Gajardo, 2001).

The selected tree species is N. macrocarpa, commonly called “Roble de Santiago,” considered a variety of Nothofagus obliqua for a long time, which is distributed further south (Donoso, 1987; Amigo and Rodriguez-Guitian, 2011). The taxonomic status as separate species was based on morphological traits (Vazquez and Rodríguez, 1999), cytogenetic evidence (Acosta and Premoli, 2018), and recently using nuclear DNA analysis (Mathiasen et al., 2020). These trees have deciduous leaves, reaching 25 m of height and >60 cm of diameter at breast height (DBH). The structure of N. macrocarpa formations usually includes a high arboreal stratum (over 16 m) of scattered individuals in non-intervened areas, and also as remnant areas of previous structures that were probably perturbed by fire or logging (Donoso et al., 2010).



Wood Core and Leaves Samplings

We sampled cores and leaves from the same individuals, on an average of 30 trees by site (for more detalis about sampling, see Venegas-González et al., 2018a). Trees were randomly chosen, aiming the inclusion of different age and size individuals (Supplementary Figure 3; Nehrbass-Ahles et al., 2014). For the dendrochronological analysis, two-three cores were taken at 1.3 m from each tree using a Pressler increment borer. For the genetic approach, fresh leaves were collected and kept in portable coolers, then dried with silica gel in the laboratory and stored at room temperature in paper bags until DNA extraction with CTAB method (Doyle, 1991).



Tree-Ring Analysis

Cores were prepared and cross-dated using classic methods of dendrochronology (Stokes and Smiles, 1996). Cross-dating and measurement accuracy were checked with the program COFECHA, which calculates cross correlations between individual series of each core and a master chronology (Holmes et al., 1986). More information about these chronologies are available in Venegas-González et al. (2018a). Tree growth was converted to basal area increment (BAI) according to the equation: BAI = π(r2t-r2t-1), where rt and rt-1 correspond to tree radius at DBH calculated at the end and beginning of annual increment in years t, respectively (Biondi and Qeadan, 2008). BAI is recommended to represent individual and stand-level changes (Camarero et al., 2015; Girardin et al., 2016). Annual BAI for each tree were estimated from raw ring-width series using R package dplR (Bunn and Korpela, 2016). In the absence of pith in cores, we used a geometric correction to estimate the number of missed rings and adjust the inner-ring date, i.e., pith was estimated by fitting a template of concentric circles with known radii to the curve of the innermost rings (Duncan, 1989). In trees in which the central core section could not be estimated because the innermost rings did not curve (last rings are parallels), we estimated missing rings with an individual model based on DBH without the bark (Venegas-González et al., 2019). After calculating the missing rings to the pith, we estimated the cambial age (at 1.3 m).

A biased sampling of big or fast-growing trees could produce false tree growth rates (Bowman et al., 2013). Therefore, it is important to sample coexisting trees of diverse sizes, growth rates and ages (Nehrbass-Ahles et al., 2014). We expect that BAI trends of N. macrocarpa and their climatic response varies with stand age. Thus, trees were classified in three age classes, young trees (<80 years, which were established after 1935), mature trees (80–160 years, which were established between 1855 and 1935) and elder trees (>160 years, which were established before of 1855). The 13 trees without pith had been classified as elder because they had at least 160 years, or missing distance to pith higher than half the radius.



Resilience Components to Extreme Drought Year

Based on BAI, we considered four resilience components (“resistance”-Rt, “recovery”-Rc, “resilience”-Rs, and “relative resilience”-RRs) to assess the extent to which tree growth can return to their pre-disturbance equilibrium, i.e., engineering resilience (Nikinmaa et al., 2020). Resistance (Rt) is defined as the individual capacity for maintaining performance during disturbance, recovery (Rc) as the individual ability for recovering the impact experienced, resilience (Rs) is the capacity to reach pre-disturbance performance levels and is estimated as the ratio between the performance after and before disturbance, and relative resilience (RRs) is the resilience weighted by the damage experienced during disturbance (Lloret et al., 2011). We considered 1968 as the extreme drought year (∼80% of rainfall deficit, Figure 1B), which is recognized as one of the three largest droughts of the last 1,000 years in central Chile (Le Quesne et al., 2006; Garreaud et al., 2017). Following Lloret et al. (2011), we computed the four metrics at the individual level:
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where Dr indicates the BAI in the drought year, PreDr and PostDr indicate the mean BAI before and after the drought. We considered three years before and after the drought event in agreement with Anderegg et al. (2015) and DeSoto et al. (2020). Calculations were executed using the R package “pointRes” (van der Maaten-Theunissen et al., 2015).



Genetic Variability and Divergence Estimates

Simple sequence repeats (SSRs), i.e. nuclear microsatellite markers, of N. macrocarpa used for all the analyses were published in Mathiasen et al. (2020). Total genomic DNA was obtained as previously described in Mathiasen et al. (2020), using 40 mg of dried leaves that where grounded with a mechanic drill (Mixer-mill MM301, Restch, Inc., Germany) following the CTAB method (Doyle, 1991), with the modifications for other Nothofagus species described in Mathiasen and Premoli (2010). DNA amplification by PCR was performed using twelve microsatellite primer pairs previously developed for Nothofagus species (Jones et al., 2004; Marchelli and Gallo, 2006) that resulted in eight loci, which yielded reliable PCR products and consistent peak patterns (Mathiasen et al., 2020): NnBIO111, NnBIO72 and NnBIO37 developed for Nothofagus alpina by Marchelli et al. (2008), and ncutas04, ncutas08, ncutas09, ncutas12, and ncutas22 developed for Nothofagus cunninghamii by Jones et al. (2004). For the current genetic diversity analysis, we used eight nuclear microsatellite markers from 74 trees collected in the five sampling sites (PLC = 18, SER = 16, SAC = 12, RNL = 13, and SAH = 15) from the Central region of Chile. The genetic variability for each sampling location was estimated by the total number of alleles (AT), mean number of alleles (A), number of low-frequency alleles (A < 0.05), number of private alleles (AP), observed and expected heterozygosity (HO and HE, respectively), homozygosity by locus (HL) calculated using GENALEX v6.41 (Peakall and Smouse, 2006), and the allelic richness (AR) estimated in FSTAT v2.9.3.2 (Goudet, 1995). Divergence among sampling locations was calculated by pairwise RST statistics, accounting for the mutational distances among alleles, and the significance was evaluated by permutations based on 999 replicates. Two indexes were used to measure individual genetic heterozygosity, (i) the proportion of heterozygous loci in an individual (PHt) and (ii) the internal relatedness (IR) that estimates homozygosity accounting for allele frequency. PHt index weights the score for each locus by the average heterozygosity at that locus, whereas IR estimates heterozygosity giving a higher weight to homozygotes involving rare alleles more than the common alleles (Amos et al., 2001). A greater value of IR indicates decreased heterozygosity.



Statistical Analysis

To analyze trees sensitivity to drought, we performed linear mixed models (LMM) for each resilience component (Rt, Rs, Rc, and RRs), and for the basal area increase (BAI) at the individual level corresponding to 1968, using the “nlme” package (Pinheiro et al., 2017) from R statistical environment (R Core Team, 2018). Variables were log transformed [log(x + 1)] in order that the LMM residuals fit normality and were considered as response variables assuming a Gaussian error distribution with an identity link. We included as explanatory variables of fixed effects the trees size (DBH), the sampling sites (Site) and the genotype (private alleles and internal relatedness). These two genetic measures were included in the model to avoid collinearity because the internal relatedness (IR) is correlated with all other genetic variables tested, except private alleles (AP) (Figure 2A). In the same way, DBH and age are strongly correlated, so only DBH was used in the model (Supplementary Figure 4). As a random factor, we include the identity of the tree (Tree), to estimate variations in individual responses to environmental (Site) and genetic (Genotype) conditions. Finally, the model is as shown below:
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FIGURE 2. (A) Correlation matrix among tree growth variables and genetic variables. (B) Linear relation between tree growth variables and alleles numbers and distance genetic. These two genetics variables are the ones that have the highest correlations with the tree growth in 1968. (C) Linear relation between resilience indices and DBH.


where Y corresponds to the log transformed response variable and j represents growth and resilience components (BAI, Rt, Rc, Rs, and RRs) for 1968, DBH is a continuous variable that corresponds to the DBH at the individual level, Site is a five-level categorical variable (PLC, SER, SAC, RNL, and SAH) that represents the site conditions at the population level, IR is a continuous variable that represents the internal genetic relationship at the individual level, AP is a discrete variable corresponding to private alleles at the individual level, and trees corresponds to the random factor. The models were evaluated graphically (normality and homoscedasticity of the normalized residuals) and their adjustment was quantified with a pseudo-R2, both marginal and conditional [that is, the proportion of variance explained by fixed effects only and by random and fixed effects, respectively (Nakagawa and Schielzeth, 2013)].




RESULTS


Tree-Ring Chronologies

The chronologies descriptive statistics were based only on trees with DNA analysis, and all trees are quite similar (Table 1). Rbar varied between 0.311 and 0.481, with EPS > 0.872, and time span (>5 trees) between 1826–2014 and 1929–2014. No differences were observed between trees used for each population chronologies (all trees) and those used for genetics, except for the age variable in SER site. The five populations showed different age structures: the youngest is PLC, in the north ranging, from 50 to 116 years, and the oldest are SAC and SAH, in the center and south respectively, ranging from 80 to ca. 300 years (Supplementary Figure 3). The lowest DBH values are found in PLC and RNL (northern and southern populations from the Coastal range), while the largest trees are found in the oldest populations. All chronologies showed negative point events in different years since 1950, but they coincide in the extreme drought event of 1968 (Supplementary Figure 5).


TABLE 1. Main characteristics of the sampled populations.
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Growth Response to Extreme Drought

Our results show significant differences in two (Rt, Rc, p < 0.01) of the four resilience components to the extreme drought of 1968 in N. macrocarpa populations across Mediterranean forest in central Chile (Figure 1C). Specifically, we observed that the two southernmost populations (mesic sites) had 106% higher resistance (Rt) than the northernmost populations (xeric sites). However, the three xeric populations showed a marked recovery (125%) over mesic populations. A clearly linear relationship was obtained between precipitation and resistance (positive), as well as recovery and relative resilience (negative) of tree growth to the extreme event of 1968 (Figure 1D). We did not observe a significant difference among populations for the two resilience components (Rs and RRs), however there is a decreasing trend of the relative resilience (RRs) toward the south (Figure 1D).



Genetic Variation Among Sites

The genetic diversity for the 74 trees analyzed, a subsample of the reported populations in Mathiasen et al. (2020), was high in the five sampling sites for the eight nuclear microsatellite loci used. The number of alleles per locus ranged from five to 19, and the mean number of alleles per locus was 10.25. For the five localities, the multiloci expected (HE) and observed heterozygosity (HO) values ranged from 0.56 to 0.81 and 0.83 to 1.23, respectively, and mean HO = 0.394 and HE = 0.575 across all localities was moderate to high. All localities showed a high number of alleles, as evidenced by the genetic parameters AT, A, AE, AR as well as a high frequency of rare and private alleles (Table 2). Although it was not significant, it is observed that southern populations have a greater number of private alleles (Table 2). We also found a greater genetic distance from the southern populations (Andes), but they have a lower total number of alleles.


TABLE 2. Mean ± SE of 11 genetic variables at the tree level.
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Genetic Influence on Growth Resilience to Extreme Drought

The correlation matrix in Figure 2A shows that no relationship was found between the four resilience co-components and the 11 genetic variables. However, the number of alleles and the genetic distance yielded a significant correlation with the BAI of the year 1968 (p-value: < 0.001 and 0.01), with an inverse and direct relationship, respectively (Figure 2B).

The LMM results show that BAI and resilience components for the extreme drought year were mainly determined by the conditions at the site level (Site) and to a lesser extent by the tree size (DBH), but not by IR and AP (Table 3). Most of the total variation for each variable was explained by random effects, with high conditional R2 values (from 0.89 to 0.92) and lesser marginal R2 values (from 0.12 to 0.33), being the resilience with the lower value. Specifically, BAI, Rc and Rt were mainly explained by site conditions. While resilience Rs and relative resilience RRs directly depend on DBH (and site to RRs), with an inverse relationship in most populations (Figure 2C). Therefore, LMM do not show statistical significance of the genetic variables.


TABLE 3. Results of the log likelihood ratio test for the linear mixed model with site, internal relatedness (IR), private alleles (AP), and DBH as fixed factors and trees as random factors.
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DISCUSSION

We approached tree-growth resilience to an extreme drought occurred in 1968 in central Chile by dendrochronology and population genetics. On one hand, we focused on tree recovery (Rc) and resistance (Rt) to this extreme event in a 300-km transect along a latitudinal gradient (32°–34°S) of MDFC. On the other hand, we evaluated the contribution of genetic variability to tree-growth resilience. Drier sites (i.e., northern populations) had greater recovery (Rc) but less resistance (Rt), while the southern sites showed the inverse response. Despite the high genetic variability and private alleles in all populations, the differences in tree-growth resilience components (e.g., Rc and Rt) are mainly explained by tree size and precipitations.


Tree-Growth Resilience to Extreme Drought Year: Site Influence

All sites showed a significant decrease in radial growth in 1968, but the negative impact on tree-growth varies among them (Figure 1C). This can be explained by the foliar phenology trait in deciduous forests, since the forest productivity was affected at the same extreme drought year (Rita et al., 2020), possibly due to the reduction of the growing season (Decuyper et al., 2020). Our results reveal important seasonal differences in the resilience components in the five sites of N. macrocarpa. Humidity increases toward the south due to higher precipitation, and populations become more resistant to drought in both the Andes (SAH) and the Coastal (RNL) range, however a lower recovery trend was observed (Figure 1D). We hypothesize that despite the rainfall decrease in 1968 in southern sites, soil moisture was higher than at northern populations, due to geographical and climatic characteristics of the southern limit of the Andean-Mediterranean Central Forest.

Our findings are in agreement with the general trend found in the northern hemisphere, where tree-growth in populations inhabiting more humid climates were less sensitive to water deficit (i.e., higher Rt to drought), while populations in drier conditions recover faster (i.e., higher Rc to drought) (Gazol et al., 2017a, 2018). In southwestern Europe, the tree-growth resilience to extreme dry years was related to drought severity and forest composition, where Mediterranean species showed lower Rt to drought, but greater Rc than species from humid temperate forests (Gazol et al., 2018). In pine forests, similar results were found for 27 tree populations of Pinus halepensis, where Rc to drought was higher in drier sites, while Rt was higher in wetter sites (Gazol et al., 2017b). The same Rt–Rc relationship was found in Pinus pinaster forests from the Western Mediterranean Basin, where trees from drier sites were less resistant to drought, but recovered faster than in wetter sites (Sánchez-Salguero et al., 2018). These findings are in agreement with the only work published in Chile on resilience components for N. obliqua (Urrutia-Jalabert et al., 2021), where results showed that populations located at dry range edge were the most resilient to drought and have not been strongly affected by the current megadrought in the area.

A recent meta-analysis revealed that higher competition reduced Rt (p < 0.001) and improved Rc (p < 0.05), but did not consistently affect the resilience (Castagneri et al., 2021). The northern sites (PLC and SER) of N. macrocarpa populations have greater competition, as they consist of high-density forest stands, mainly composed by young trees derived of large-scale disturbance effects in the area (Venegas-González et al., 2018b). Although it showed higher Rc than southern populations (SAC, RNL, and SAH), it is necessary to consider that semi-arid forests presented a negative temporal trend in Rt to drought, which could limit the Rc potential if droughts become more frequent (Gazol et al., 2018). This result is especially relevant in the context of the historic megadrought that central Chile is experiencing, conditions that have increased during this century (Barría et al., 2021). Furthermore, legacy effects after drought have been reported to be more pervasive at dry than at wet sites (Anderegg et al., 2015). In addition, these forests in central Chile are the most degraded, and possibly have lost functional diversity and community composition, which would affect Rt and Rc to future extreme droughts (Granda et al., 2018). Moreover, trees that experienced more frequent long-term droughts become less resistant to extreme droughts (Bose et al., 2020), so it is expected that the southern populations showed lower Rt.



Tree-Growth Resilience to Extreme Drought Year: Diameter at Breast Height Influence

Tree size (DBH), and hence age (Supplementary Figure 2), negatively influenced tree-growth resilience, measured by resilience (Rs) and relative resilience (RRs), to the extreme drought of 1968 (i.e., larger trees are less able to reach pre-drought performance levels, Figure 2C). We previously verified that older trees of N. macrocarpa have decreased their growth in the last decades, at both northern and southern populations (Venegas-González et al., 2019). Similarly, larger trees of three abundant pine species (P. halepensis, Pinus nigra and Pinus sylvestris) in the northeast Iberian Peninsula were significantly less resistant and resilient to three extreme droughts recorded during the 1951–2010 period (Serra-Maluquer et al., 2018). These pine forests became less resistant, less resilient, and recovered worse during the last two droughts, suggesting an increased vulnerability after successive drought episodes. Another evaluation of P. halepensis populations (Granda et al., 2018) showed that growth Rs to drought was mostly dependent on tree age. In particular, younger trees were more resistant to drought but recovered less and were less resilient than elder trees (Ding et al., 2017). This evidence supports the hypothesis that larger trees are at higher risk of drought-induced hydraulic failure because of greater resistance in water transport upward (i.e., higher potential gradient and conduit resistance) (Bennett et al., 2015). However, the opposite trend was found in Mediterranean oak forests, where young trees are more sensitive and less resilient to drought than adult trees (Colangelo et al., 2017). How the ongoing climate change affects the resilience of Mediterranean-type forests of South America is a challenge that will help to identify local trends and contribute to the understanding of increasing droughts dynamics.



Tree-Growth Resilience to Extreme Drought Year: Genetic Variability Influence

The total number of alleles and the genetic distance that were negatively and positively associated to BAI of the 1968 extreme drought suggest that populations consisting of genotypes for particular alleles, and not necessarily the most genetically diverse ones, which in turn are more genetically distinct, may show greater growth. Nonetheless, the neutral markers used here do not allow to relate genetic variants to dendrophenotypes, such as BAI, and future genome wide association studies may greatly contribute to test this hypothesis. A negative association of heterozygosity and allelic richness was found with intra-population growth in northern marginal populations of Thuja occidentalis in the Canadian boreal forest (Housset et al., 2016). No genetic effect was detected on variation of BAI reported for another American species, Populus tremuloides (Latutrie et al., 2015). In the mountains of western Europe, the analysis of Pinus uncinata juvenile trees suggested that individuals with higher genetic diversity can grow more vigorously than others with less diversity, under favorable environmental conditions (González-Díaz et al., 2020). The same pattern was revealed for the European Spruce (Abies alba) and the authors concluded that higher genetic diversity favored adaptation to increased air pollution, also indicating that these forests are less affected by this phenomenon than their pairs of different origins and less diversity (Bosela et al., 2016). In the Norway Spruce (Picea abies), an economically important species that has been naturalized in many areas outside its native range, up to 44% of the phenotypic variation in the response to drought was explained by the genetic variation among alpine, central and southeastern European provenances (Trujillo-Moya et al., 2018).

Other studies have jointly analyzed genetic and dendroecological data (e.g., Babushkina et al., 2016; Johnson et al., 2017), and they have not found a significant correlation with growth traits. Despite the absence of a significant relationship, these authors hypothesized that genetic diversity could provide better fitness through increased growth when conditions are favorable. Heer et al. (2018) concluded that the absence of genetic signals could be attributed to stronger environmental effects compared to the genetic influence on growth processes, or to the lack of adequate genetic data.

Tree-growth and growth traits, fundamental components of forests adaptation, are highly influenced by physiology, genetic background, as well as biotic and abiotic drivers (Evans et al., 2018). Tree genetic diversity influences primary productivity and population recovery after disturbances (Hughes et al., 2008). Similarly, tree species responses to climate change are highly influenced by their genetic make-up, i.e., their evolutionary potential, and phenotypic plasticity (Housset et al., 2018). Therefore, tree-rings are an exceptional resource for understanding long-term growth response to environmental pressure, like extreme droughts. It can be potentially applied from individual-based genetic association studies in natural conditions (Heer et al., 2018) to the study of local adaptation to climate (Trujillo-Moya et al., 2018; Housset et al., 2021). Investigations of climate-driven responses based on tree-rings and population genetics are essential to assess tree species behavior to climate change.

The evidence presented here showed that greater among population divergence measured by RST was associated to higher BAI values measured under drought, suggesting that gene exchange can effectively affect their growth. Whether among population gene flow may promote tolerance to cope with environmental stress should be further tested given that it may enhance it as in Nothofagus dombeyi, that showed adaptive variation for water shortage (Diaz et al., 2021). Traditionally the difference in the tree-growth response to drought are explained by intrinsic differences in wood anatomy and physiology (Vitali et al., 2017), and the genetic architecture of trees may also contribute (González-Díaz et al., 2020; Fasanella et al., 2021). The genetic diversity of the N. macrocarpa 74 individuals analyzed here was high in the five sampling sites for the eight nuclear microsatellite loci used. However, the total number of alleles and genetic distance among sites were the only parameters that yielded significant differences among the populations (Table 2). Southern populations in the Andes range (i.e., RNL and SAH) have fewer total alleles, but showed the higher genetic distance against the remaining populations. Despite the fact that only five sites were analyzed, each one has its own genetic finger-print as shown by private alleles reported here and unique chloroplast DNA variants have been revealed (Mathiasen et al., 2020). Moreover, southern populations had a higher number of private alleles, which may be an indication of their long-lasting persistence under mesic conditions. Our results support that N. macrocarpa response to extreme drought would be mainly explained by the precipitation regime in each site and tree size, rather than by genetic variability (Table 3). Nonetheless, it was shown that genetic diversity of populations are a good proxy for phenotypic plasticity, population resilience, and evolutionary potential (Reusch et al., 2005; Noble et al., 2019; Pazzaglia et al., 2021). Recent genomic studies on the polymorphic N. dombeyi showed that single nucleotide polymorphisms (SNPs) could be applied to identify at the individual level distinct dendrophenotypes associated to drought tolerance (Fasanella et al., 2021). Thus, the high polymorphism of N. macrocarpa populations may have contributed to its long-lasting persistence and opens a new avenue to deeply investigate its response to future extreme climatic events.



Perspectives and Conclusion

An overall agreement exists that tree resilience to extreme droughts, under engineering resilience, depend of bioclimatic conditions of inhabiting sites (Nikinmaa et al., 2020). In central Chile, the ongoing rainfall decrease and accelerated temperature increase in winter and spring (Garreaud et al., 2020), could amplify drought stress and restrict population tree growth (Sánchez-Salguero et al., 2016). In addition, forest resilience to short-term extreme events such as heat waves is likely a survival key and must be accounted for a better prediction of its increasing impact on productivity and survival in future climates (Tatarinov et al., 2016). Recently, it has been proposed that tree radial growth will decrease at a regional level along 21st century influenced by the projected climate change (Matskovsky et al., 2021), however, it remains to be seen exactly what its impact will be, which will likely vary from site to site. Our work showed that N. macrocarpa resilience to the extreme drought of 1968 in central Chile is better explained by regional bioclimatic conditions and tree size than by genetic diversity levels. However, the use of genome-wide SNPs to assess genetically based tree vulnerability to past extreme droughts has allowed to identify adaptive patterns at the individual level (Fasanella et al., 2021). Therefore, we advocate a whole genome analysis (i.e., SNP) to identify genomic regions correlated with phenotypic traits (i.e., tree-growth), in order to improve the understanding of the evolutionary processes that shaped the resilience of this forest over time.

Moreover, deciduous forests have greater resistance to summer drought than evergreen forests, due to the high plasticity of cambial activity and the improvement of the carbon-structural carbohydrates status to growth (Pérez-de-Lis et al., 2017). A comparative analysis of phenotypic traits under common gardens and ecophysiological responses to experimentally induced drought on seedlings of the sister evergreen N. dombeyi and deciduous Nothofagus pumilio showed a greater vulnerability of the former to shortages in water supply (Diaz et al., 2021). In this sense, though broadleaved oak and beech are sensitive to late frosts that strongly reduce current year growth, they show high resistance and resilience to spring droughts and seem, therefore, better adapted to future climate projections (Vitasse et al., 2019). Here we infer that N. macrocarpa populations would be more resilient to future drought conditions than lower altitude sympatric communities (i.e., sclerophyllous forest), suggesting a different adaptational process and/or physiological plasticity of N. macrocarpa in the face of extreme drought events.

Climate predictions indicate drying trends and higher frequency of drought events in many regions worldwide, mainly in central Chile (Seager et al., 2019; Zappa et al., 2020). Currently the region is going through a historic megadrought since 2010, with a reduction in rainfall between 25 and 30% (Garreaud et al., 2020). In addition, the year 2019 and the present 2021 have been hyper-dry years, with a decrease in rainfall by 80% (Alvarez-Garreton et al., 2021; Garreaud, 2021). This scenario will strongly affect biogeochemical and eco-physiological processes of central Chile ecosystems. Therefore, the resilience of the only Mediterranean forests in South America will be further tested.
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Supplementary Figure 2 | Ombrothermic diagram of five studied sites.

Supplementary Figure 3 | Classification of the structure of N. macrocarpa tree populations based on DBH and age.

Supplementary Figure 4 | Relation age vs. DBH, demonstrating a strong correlation between the variables (R2 = 0.40, p < 0.001).

Supplementary Figure 5 | Negative point years in the five sites of N. macrocarpa studied. These represent ≥75% trees of population considering all trees (≥65% in RNL). Arrows indicate the extreme drought year 1968.
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BAI Site 51.5304 1 <0.001
R?m = 0.327 DBH 219434 4  0.0928

R’c=0.917 IR 3.0184 1 0.2069

Ap 17479 1 09195

Resistance (Rt) Site 35.1318 4 <0.001
R’m = 0.325 DBH 0.0471 1 0.8282

R2c=0.916 IR 0.8872 1 0.3462

Ap 04241 1 05149

Recovery (Rc) Site 30.9575 4 <0.001
R2m = 0.331 DBH 19768 1 0.1597

R%c=0.917 IR 26175 1 0.1057

Ap 0.0853 1 0.7702

Resilience (Rs) Site 71373 4 0.1288
R?m = 0.121 DBH 44357 1 0.035

R%c = 0.891 IR 0.8477 1 0.357

Ap 12728 1 0.259

Relative resilience (RRs) Site 22215 4 <0.001
R?m = 0.262 DBH 48166 1  0.028

R2c = 0.909 IR 36186 1  0.057

Ap 05584 1 0.454

We used the BAI (log) and four resilient components for the extreme drought year
1968. *In bold is shown the significant difference according the x? test (p < 0.05).
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Sites All trees from chronologies Trees used only for genetic

Trees DBH mean (max)? Rbar EPS Age mean (max)? Trees DBH mean (max) Rbar? EPS® Age mean (max)
PLC 29 32.1(63.6) 0.338 0.905 75(116) 18 27.1 (63.6) 0.463 0.911 76 (116)
SER 51 48.9(77.9) 0.311 0.903 79 (197)* 16 43.0 (77.9) 0.329 0.805 90 (197)*
SAC 24 51.3(82.3) 0.481 0.926 144 (344) 12 49.4 (74.5) 0.426 0.850 173 (344)
RNL 24 35.4 (47.3) 0.372 0.872 71 (158) 13 34.6 (46.8) 0.333 0.800 107 (1568)
SAH 42 37.8 (103.5) 0.473 0.942 123 (317) 15 48.4 (103.5) 0.555 0.900 143 (317)

a\Ne analyze the statistical significance of size variables (DBH and Age) between ‘all tress’ and ‘trees for genetic analysis’ using the Kruskal-Wallis test.

*The unique variable with significant difference was ‘Age’ for SER site.

bRbar is the average correlation coefficient for all possible combinations of tree ring series from individual dowels in a common time interval. °EPS is the expressed
population signal that measures the degree to which a timeline represents the noise-free chronology.
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Variables PLC SER SAC RNL SAH

Genetic distance (Rgr) 16.94 + 0.46b 15.50 + 0.69ab 15.10 + 0.78a 14.61 + 0.55a 19.83 + 0.50c
Internal relatedness (IR) 0.39 + 0.06a 0.34 £ 0.07a 0.38 + 0.08a 0.19 £ 0.08a 0.45 + 0.08a
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Number of private alleles (Ap) 0.28 £ 0.57a 0.50 £ 0.73a 0.27 £ 0.47a 0.42 £ 0.51a 0.60 £ 0.99a
Total number of alleles (At) 9.50 + 0.56a 9.69 + 0.48a 9.36 + 0.79a 9.83 + 0.52a 6.93 + 0.72b
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*Different letters indicate significant difference according the Kruskal-Wallis test (P < 0.01). The significant results of are shown in bold.





