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Forest disturbances influence Fitzroya cupressoides forest structure and carbon stocks at multiple spatial and temporal scales. Natural disturbances such as landslides and volcanism affect and give rise to the mostly pristine Fitzroya stands present in the Andean cordillera. On the other hand, mostly human-caused fires and logging have been the main processes shaping the structure of Fitzroya stands in the Coastal range and of Fitzroya small remnants in the Central depression. The main goal of this study was to assess the carbon stocks and accumulation rates of Fitzroya forest stands according to their development stage under different disturbance regimes and environmental conditions given by the three physiographic units where the species grows (Coastal range, Central depression, and Andean range). The site selection included an age sequence of stands, known as a chronosequence approach. We identified Fitzroya post-disturbance stands in three different stages of development: young forest stage (mean stand age of the main cohort ≤ 200 years old), mature forest stage (200–800 years old), and old growth forest stage (800–1,500 years old). The following biomass components were considered: living standing trees, dead standing trees (snags), and logs from dead trees laying on the ground (coarse woody debris). Old-growth Fitzroya forests reached a mean total carbon stock (standing live trees, snags, and coarse woody debris) of 507, 279, and 331 Mg C ha−1 in the Andean and Coastal ranges, and Central depression, respectively. Fitzroya cupressoides contributes, in average, more than 80% to the total carbon stock in the Andean and Coastal ranges, and 63% in the Central depression. The remainder corresponds mainly to Nothofagus spp. The high carbon stocks in old-growth stands in the Andean range are explained by Fitzroya longevity, larger size, wood decay resistance, and the low recurrence of volcanic events. Carbon accumulation rates differ between the forests in the three physiographic units (Central depression>Andean range>Coastal range), mainly due to the different growth rates and environmental conditions present in each unit. In the context of climate change, conserving old-growth stands with large biomass and carbon stocks and restoring Fitzroya forests should be recognized as a key contribution toward national and global goals to mitigate global warming.
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Introduction

Forests and their soils are recognized as important components of the global carbon cycle and have received increasing attention during recent decades due to climate change (Luyssaert et al., 2008; Campioli et al., 2016; Duque et al., 2021; Malhi et al., 2021). Forest ecosystems, in their above- and belowground components, contain the majority of the terrestrial carbon stocks of the earth, and changes in disturbance regimes can have an important impact on them, as well as on the related atmospheric and biogeochemical cycles, biodiversity, and ecosystem services (Thom and Seidl, 2016; Seidl et al., 2017; Anderegg et al., 2020; McDowell et al., 2020). Although carbon sequestration has become an important objective as a policy mitigation measure to counteract the anthropogenic CO2 emissions and their effects on global warming (IPCC, 2022), there remains an incomplete understanding of old-growth forests as carbon sinks and the modifying impact of land-use change and large-scale disturbances (e.g., fire and volcanism) on carbon stocks (Keith et al., 2009; Hoover et al., 2012).

Periods of carbon accrual following forest disturbances, typically range from decades to millennia, and the rate of recovery of total biomass can differ across stands according to climate, soil type, growth rate of the dominant tree species, and the frequency and intensity of natural or human disturbance regimes (Keith et al., 2009). Total living (aboveground) and dead biomass of old-growth primary forests from different regions around the world were reported to range considerably between 84 and 642 Mg C ha−1 (Keith et al., 2009). Carbon stocks in mature temperate forests can range from 100 to 800 Mg C ha−1 (Janisch and Harmon, 2002; Urrutia-Jalabert et al., 2015a and references therein) and can sometimes exceed 2,000 Mg C ha−1, such as in Sequoia sempervirens forests (Busing and Fujimori, 2005) and Eucalyptus regnans forests (including living plus dead aboveground biomass, Keith et al., 2009). In Chile, few studies have estimated forest carbon stocks. Total living and dead biomass carbon ranged between 310 and 470 Mg C ha−1 in Nothofagus-dominated old-growth Andean forests (Schlegel and Donoso, 2008). Total carbon stocks in an evergreen forest in the Chiloé Island reached between 286 and 384 Mg C ha−1 (Battles et al., 2002; Pérez-Quezada et al., 2015), and carbon stocks in broadleaved evergreen old-growth forests in Valdivia were estimated in 607 Mg C ha−1, including living, dead biomass, and carbon from the 30-cm topsoil (Gayoso, 2001). Old-growth millennial Fitzroya forests were reported to reach over 500 Mg C ha−1 of aboveground living biomass (Urrutia-Jalabert et al., 2015a), locating these forests' carbon stocks among the highest worldwide (Keith et al., 2009; Urrutia-Jalabert et al., 2015a).

Understanding the carbon dynamics of forests, particularly how carbon stocks vary in relation to land-use activities and forest disturbances, is recognized as a critical component for climate change mitigation (McMahon et al., 2010; Anderegg et al., 2020). In northwest Patagonia, forest landscapes are shaped by land use and disturbances influencing their composition, structure, and functional processes. Disturbances (such as fire, landslides, volcanism, or harvesting) play a significant role in the amount and distribution of carbon stocks and fluxes since they can release large amounts of carbon to the atmosphere (Keith et al., 2014; Thom and Seidl, 2016; Anderegg et al., 2020; Marcos-Martínez et al., 2022). However, key questions on the long-term influence of disturbance regimes mediated by physiographic location and environmental conditions (i.e., topography, climatic conditions, and soil fertility) on biomass and its allocation in living and dead biomass still remain largely unanswered (Pregitzer and Euskirchen, 2004; Hoover et al., 2012).

Despite progress in the quantification of carbon stocks in old-growth forests, few studies have been carried out in the long-lived Fitzroya cupressoides forests, which are the oldest closed-canopy forests in the world (Urrutia-Jalabert et al., 2015a). Disturbances in these forests are dominated by landslides and volcanism in the Andes and by human-induced or natural fires and logging both in the Coastal range and the Central depression (Lara, 1991; Fraver et al., 1999; Lara et al., 1999, 2003; Silla et al., 2002; Sibold et al., 2021). Following these types of disturbances, Fitzroya forests can accrue C from decades to millennia depending on the growth rate (net primary productivity) of the trees, site, and the frequency and intensity of natural or human-caused disturbances. Several authors have studied the change in the structure and composition of Fitzroya forest stands considering age, size (diameter), basal area, and vertical stratification since the last stand-devastating disturbance (Lara, 1991; Donoso et al., 1993; Veblen et al., 1995; Lara et al., 1999, 2003). However, there are no estimates of carbon stocks in Fitzroya stands according to their stage of development associated with the different disturbance regimes that characterize the physiographic units where they grow (Coastal range, Central depression, and Andean range). Moreover, there is no information on carbon allocated to live and dead pools in each of the studied conditions. Understanding the impact of forest disturbances on forest carbon sequestration from temperate ecosystems, which can contain trees older than 4,000 years (Lara et al., 2019), has the potential to provide unique information to address scientific issues that are globally relevant in the context of climate change (Luyssaert et al., 2008; Keith et al., 2009; Marcos-Martínez et al., 2022).

Within this context, the main goals of this study were (a) to assess the aboveground (living and dead) carbon stocks of Fitzroya forests according to their stand development stages in the three physiographic units where the species grows, and (b) to assess the rate of carbon stock accumulation at different stand ages, considering the contrasting environmental conditions and disturbance regimes that characterize the different physiographic units.

Our underlying hypothesis is that the physiographic distribution of Fitzroya and its associated disturbance regimes (type and frequency of disturbance) are fundamental factors in determining (or regulating) the amount and rate of C storage. In the Andes, volcanism would generate a slower accumulation of C, but disturbances are less frequent, and due to its great longevity and resistance to rotting, the species could accumulate a higher C content aboveground and as coarse woody debris (CWD). In the Coastal range and Central depression, trees have a higher growth rate and rapid accumulation of C (the central depression being more favorable than the coastal range), but the more frequent fires and logging would determine that stands rarely exceed 1,000 years of age, which would imply a lower C stock than in the Andean range.



Materials and methods


Study areas

For this study, Fitzroya cupressoides forests were selected to study in the Coastal and Andean ranges, and the Central depression of southern Chile (Figure 1). A brief overview of each of these study areas is presented in the following text.
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FIGURE 1
 Study sites of Fitzroya cupressoides stands in the Coastal range, Central depression, and Andean range in south-central Chile. Stand codes and the main attributes for each stand are given in Supplementary Tables S1, S2. Map credit: Aldo Farías.



Coastal range

Fitzroya cupressoides forests grow in the Coastal range between 39° 50' and 42° 35'S from ca. 550–1,050 m a.s.l. This area is characterized by gentle slopes and flat plateaus of a metamorphic bedrock of Paleozoic to Precambrian age (Villagrán et al., 1993). The highest elevation corresponds to 1,048 m and soils, where Fitzroya grows, are generally sandy, nutrient-poor, very thin, acidic, poorly drained in winter, and with low water retention capacity (Lara et al., 1999; Urrutia-Jalabert et al., 2015a). This area experiences a temperate-type climate with a Mediterranean influence. The mean annual precipitation since 2010 is 3,770 mm, but annual values can reach up to 4,500 mm, with ca. 9% of this rainfall falling during summer (December-February; https://explorador.cr2.cl; Urrutia-Jalabert et al., 2015a, 2018a). Due to the harsh environmental conditions, Fitzroya mostly grows in pure stands or barely accompanied by Nothofagus nitida, Drimys winteri, Saxegothaea conspicua, and Weinmannia trichosperma (Donoso, 1993; Lara et al., 1999). In poorly drained areas, it grows with Pilgerodendron uviferum (Donoso, 1993). Fitzroya forests in this area have been historically affected by fires, which have occurred at least since the 1,300's (Lara et al., 1999; Sibold et al., 2021; Figure 2a). In addition to fires, logging has also been present, so the landscape is commonly characterized by second-growth Fitzroya forests and very few old-growth forests (Lara et al., 1999; Urrutia-Jalabert et al., 2015a). Regeneration in the area follows a catastrophic mode when disturbed by fires and logging and only occurs if parent trees remain and cattle grazing is absent (Veblen and Ashton, 1982).


[image: Figure 2]
FIGURE 2
 Main natural and anthropogenic disturbances that shape Fitzroya cupressoides forests in the study sites. (a) Burned and logged F. cupressoides forests in the Cordillera Pelada (Coastal range). (b) Old-growth F. cupressoides forests logged at the end of the 19th century in the Central depression. Large stumps still remain due to the highly resistant, low-decaying wood, although they are currently disappearing due to their use for firewood and the production of handicrafts by local people. (c) Large snag of F. cupressoides partially buried by tephra in the Andes range (known as well trees). Trees of this diameter are commonly found completely buried as evidence of the destruction of the previous Fitzroya forest by the eruption of the volcano Apagado. (d) Old-growth forest cohort established after volcan Apagado eruption (500 BC). Photo credits: (a) A. Lara; (b–d) M.E. González.




Central depression

Fitzroya forests in the central depression (at ~ 41° S) are only present as small and scarce fragments that were left after the widespread human-induced fires and logging to colonize the area in the 1850's (Fraver et al., 1999; Silla et al., 2002; Figure 2b). Here, Fitzroya grows in a flat and low-altitude area (40 to 400 m a.s.l) that was part of the central valley that later sank due to geological upheavals (Seno de Reloncaví). Climate is temperate with oceanic influence, and mean annual precipitation reaches 1,783 mm, with 15% of it falling during summer (Lara et al., 2008; Urrutia-Jalabert et al., 2018a). Soils in the area are locally known as “ñadis,” and they are silty to clay loams, shallow, and acidic, with a high organic matter content and have developed from volcanic ashes laid on top of a fluvioglacial stratum that is relatively impermeable (Tosso, 1985; Lara et al., 2008). Each of the Fitzroya remnant patches are 0.8–3 ha, and they are isolated from each other (Fraver et al., 1999). Most forest patches are relatively young (<100 years old), although they can reach up to 200–300 years old in a couple of sites (Silla et al., 2002). Regeneration in this area also follows a catastrophic mode associated mainly with fires and logging (Silla et al., 2002).



Andes cordillera

Fitzroya grows in the Andean range between 41° and 43° 'S in mountainous sites from ca. 500 to 1,200 m a.s.l (Veblen et al., 1995). Climate is characterized by very high annual precipitation, ranging from 4,000 to more than 6,000 mm, with a reduced Mediterranean influence and a shorter growing season than the Coastal range (Donoso et al., 1990; Urrutia-Jalabert et al., 2015a). The Andes was extensively glaciated during the Pleistocene, and soils are mostly formed from recent andesitic volcanic deposits (Veblen et al., 1976). Thus, soils are mostly volcanic and acidic, with a high organic matter content and a high C/N ratio (Peralta et al., 1982). Trees in this area generally reach a larger size than those in the Coastal range and Central depression mainly because forests are less frequently affected by disturbances, and due to their remote location, human impacts have been less ubiquitous. Thus, it is more common to find old-growth Fitzroya stands, with large trees, which have mostly developed after devastating disturbances, mainly volcanic eruptions and landslides (Lara, 1991; Veblen et al., 2005; Figures 2c,d). Fitzroya mostly grows with evergreen broadleaved species, such as Nothofagus nitida, Nothofagus betuloides, Laureliopsis philippiana, and Amomyrtus luma, as well as with evergreen conifers like Podocarpus nubigenus and Saxegothaea conspicua (Donoso et al., 1990, 2006). It has been reported that some forests in this area can be an example of the “additive basal area” phenomenon, due to the high basal area of Fitzroya plus its long-lived characteristic and emergent status, exerting low light competition on the remaining evergreen species (Urrutia-Jalabert et al., 2015a). Regeneration of the species in this area mostly occurs after large natural disturbances but can also occur in large gaps on top of fallen logs (Donoso et al., 1993).




Selecting and sampling Fitzroya forest stands
 
Stand selection

Carbon cycling and storage mostly depend on time since disturbance (i.e., forest age) (Chapin and Mooney, 2002). To understand forest dynamics and development patterns (change in structure and composition over time), one of the most widely used approaches is the substitution of space for time (Pickett, 1989), also known as chronosequence (Walker et al., 2010). Thus, we used a chronosequence approach for site selection to understand age-dependent trends of carbon stocks (Walker et al., 2010). This approach involves identifying and arranging the forest patches in different stages of development after stand-replacing disturbances. This approach, assumed as a successional sequence, has limitations because of the assumptions of similar environments, regeneration processes (i.e., soils, microclimate, and availability of propagules), and especially the stand disturbance history (e.g., type and severity of disturbance) that gave rise to the stand. Recognizing these limitations, in the stand selection we used our experience and knowledge about disturbance ecology and forest dynamics of these forest ecosystems throughout their geographic range (Lara, 1991; Donoso et al., 1993; Fraver et al., 1999; Lara et al., 1999; Silla et al., 2002; Urrutia, 2002; Urrutia-Jalabert et al., 2015a). However, there were two cases where the selection presented difficulties. In the Coastal range, given the extensive logging and past fires, there were difficulties finding old-growth stands, and one of the selected stand (stand CO-2) is located in a more protected, low-elevation waterlogged flat site, comparatively different from the environmental conditions of the other stands sampled in this range. There was a similar problem finding old-growth Fitzroya cupressoides stands in the Central depression since all of them were logged or cleared for pasturelands in the late 1800's (Fraver et al., 1999). Therefore, the forest structure and carbon stock had to be reconstructed from the cut stumps using volume functions developed for Fitzroya growing in the Coastal range.

For stand selection, we scouted areas in the Coastal range, Central depression, and Andean range. From our previous experience in the study of Fitzroya forests, we observed a series of attributes of these stands in order to estimate their degree of development after massive disturbance. These attributes were mean and maximum diameter at breast height (dbh), mean and maximum height, tree density, vertical structure (i.e., mono-tier and multi-tier), and presence of snags and coarse woody debris. According to these attributes, three age categories were considered for stand classification: young, mature, and old-growth. In each selected stand, we considered the following components of biomass: living standing trees, dead standing trees (snags), and logs from dead trees laying on the forest floor (coarse woody debris). For the young and mature development stages, we established between two and four 0.1- and 0.2-ha plots, respectively, in each physiographic unit (total = 15; Supplementary Table S1). For the old-growth stage, we established two or three 0.3-ha permanent plots in each physiographic site (total = 7). Considering the absence of old-growth Fitzroya forests in the central depression, we reconstructed the original forest structure (density, basal area, volume, and biomass) from the stumps left after fire and logging, which, in many sites, still remain (Silla et al., 2002; Lara et al., 2003). The reconstruction considered only Fitzroya trees since the remains of the other tree species were not present, probably due to rotting.



Stand age

Trees in each plot were cored near the base and up to the tree center, if possible, to determine the age of cohorts (Kitzberger et al., 2000). When the trees had rotten sections, we took up to three cores for a better estimation of their age. For large trees, we used 28-inch (71 cm)-long increment borers, but these were, in some cases, not enough to reach the tree centers (or when tree centers were rotten). In such cases, only a minimum age was determined. The age of the old-growth logged stands in the Central depression could not be determined due to the high degree of decay of the center of the large stumps (200–280 cm in diameter). Based on the determined stand ages, we reconfirmed our classification of Fitzroya post-disturbance stands in the three different stages of development (Franklin et al., 2018): young forest stage (YFS; mean stand age of the main cohort ≤ 200 yrs old), mature forest stage (MFS; > 200 but ≤ 800 yrs old), and old-growth forest stage (OGF; > 800 yrs old) (Supplementary Tables S1, S2).



Inventory of carbon stocks in Fitzroya forests

In each plot representing distinct stages of forest development, all living trees ≥ 5 cm of dbh in the YFS (≥10 cm dbh for MFS and OGF) were censused to estimate tree density, basal area, and biomass of living trees. For live trees and snags, the stem volume of Fitzroya was estimated using volume functions for individual trees developed by Urrutia-Jalabert et al. (2015a) for the Coastal and Andean ranges. The function developed for the Coastal range was used for the Central depression since the diameter–height relationships are similar between the stands in both physiographic areas. The conversion of volume to biomass was made using wood basic density and a biomass expansion factor developed by Urrutia-Jalabert et al. (2015a). For other species, available biomass equations including stem and branches were used (Gayoso et al., 2002). Dry biomass of living trees were converted to C using the standard coefficient 0.4964 for Chilean temperate species (Gayoso and Guerra, 2005; Urrutia-Jalabert et al., 2015a) and the same was done for snags and CWD. Coarse woody debris (CWD) was inventoried in each plot based on the methodology developed by Stewart and Burrows (1994). We measured all logs on the forest floor with a stem diameter ≥ 20 cm and a length ≥ 1 m. For each log or branch on the forest floor within the limits of the plot, we recorded total length (m) and diameters (cm) at large and small ends. Snags and stumps, with a diameter at the base ≥ 20 cm and heights ≥ 1 m and ≥ 0.2, respectively, were measured. The structural integrity of each log and snag was determined using the stage of decay classification adapted from Stewart and Burrows (1994) (Supplementary Table S3). Dry biomass was obtained by multiplying the moist volume of each piece by the wood-specific basic density (g/cm3). Wood density for the various classes of decay in fallen logs and snags was determined in the Wood Products Laboratory at Universidad Austral de Chile (Supplementary Table S4).




Data analyses

To assess the effect of development stage and physiographic area (and their interaction) on total biomass stocks, we performed a two-way ANOVA. Homogeneity of variance and normality of residuals were assessed using Levene's test and the Shapiro–Wilk test, respectively. Tukey's honestly significant difference test was used for the post hoc effects of significant factors. These analyses were performed in R (R Development Core Team, 2014).

To estimate the rate of carbon accumulation across the different physiographic units and in each one separately, linear regressions were performed between C stocks and stand age. The maximum age of any tree in the plot belonging to the cohort was used.




Results


Carbon stocks in different pools by forest development stages in each physiographic region
 
Living biomass

As expected, living carbon stocks increased through more advanced stages of Fitzroya forest development in the Coastal, Central depression, and Andean physiographic regions. Living C in young, mature, and old-growth forest stages ranged, in average, between 15 and 59 Mg C ha−1, 146 and 192 Mg C ha−1, and 243 and 424 Mg C ha−1, respectively (Figure 3, Table 1, Supplementary Table S2). Carbon stocks in living biomass represented, in average, 98, 90, and 90.2% of the total C content for young, mature, and old-growth stage developments across the physiographic regions. Living carbon stocks in OGFs in the Andean range were 43% higher than C stored in OGFs in the Coastal range, and 22% higher than the OGFs in the Central depression.
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FIGURE 3
 Carbon stocks (Mg C ha−1) in the different pools of living biomass, snags, and coarse woody debris (CWD). Total carbon aboveground is also shown for young, mature, and old-growth forest development stages across the Coastal range, Central depression, and Andean range. Bars indicate standard errors and letters in the bottom panel indicate significant differences in total C stocks among physiographic units and stages of development.



TABLE 1 Mean carbon stocks for the different physiographic units, stand development stages, and carbon pools (Mg C ha−1).
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Snags

The pool size of snags in YFSs was relatively small or absent in all physiographic regions. In the Central depression, just one site in the YFSs had snags with a C stock of 2.1 Mg C ha−1 (Supplementary Table S2). The average C content for MFSs was 15.3 and 31.1 Mg C ha−1 in the Andean range and Central depression, respectively, and the snag C pool was inexistent in the Coastal range (Figure 3, Table 1). In the case of OGF, the average C content was 22.8 and 58.8 Mg C ha−1 for the Coastal and Andean ranges, respectively (Figure 3, Table 1). Because carbon stocks in the OGFs of the Central depression were reconstructed from stumps in forest stands that were logged 100–150 years ago, there were no snags, CWD, or stumps from species other than Fitzroya. Carbon stocks of snags represented 1.0, 8.5, and 10.3% of the total C content in young, mature, and old-growth forests, as averages that include the different physiographic regions (estimated from figures in Table 1). OGFs in the Central depression were not considered.



CWD

The pool size of CWD across all forest stages was relatively small, except for the old-growth Fitzroya stage in the Coastal and Andean ranges, for which the C content of CWD reached, in average, 13.6 and 25.2 Mg C ha−1, respectively (Figure 3, Table 1). Carbon stocks of CWD represented 1.6, 2.0, and 4.9% of the total C content in young, mature, and old-growth forests, as averages that include the different physiographic regions (estimated from figures in Table 1). OGFs in the Central depression were not considered.



Total aboveground carbon stocks

Total C increased toward more advanced stages of forest development in all physiographic regions, following a similar pattern described for living biomass. Total C in OGFs reached, in average, 279, 331, and 507 Mg C ha−1 at the Coastal range, Central depression, and Andean range, respectively. Fitzroya contributed, in average, between 82 and 83% of the total carbon stock in the Coastal and Andean ranges, respectively, and 63% in the Central depression; the latter did not include the OGF in the calculation (Table 1). The remainder corresponded mainly to evergreen Nothofagus species. Mean total carbon stocks in OGFs of the Andes range were 45% higher than C stored in OGFs of the Coastal range, and 35% higher than the OGFs of the central depression (Table 1).

According to the two-way ANOVA, stage of development (p < 0.001), physiographic unit (p < 0.01), and the interaction between them were significant (p = 0.01). Residuals were normally distributed (W = 0.97, p = 0.68), and the variance of the model was homogeneous (p = 0.66). The total C stock of the Andean OGF was significantly different (higher) to all the other situations, and the total C stock of the Central depression OGF was similar to that in the Coastal range and to the mature stands from the Andes and Central depression (Figure 3).




Carbon stock accumulation for each of the physiographic areas through time

A strong relationship between stand age and total carbon was found for all stands pooled together (R2 = 0.81 N = 20, Figure 4A). A strong relationship between stand age and total carbon was also found for each of the physiographic units (R2 ranged between 0.70 (N = 6) for the Coastal range and 0.95 (N = 5) for the Central depression (Figure 4B).
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FIGURE 4
 Total carbon stocks related to stand age for (A) all Fitzroya stands studied in the three physiographic units. Each dot represents a plot. Stand age was determined from the maximum age of any tree in the plot belonging to the cohort. Dotted lines represent the confidence interval (P < 0.05); (B) Fitzroya stands from each physiographic unit, separately. Regression dotted lines are indicated as follows: Coastal range (orange), Central depression (dark green), and Andean range (light green). Old-growth stands in the central depression are not included neither in (A) or (B) since their maximum age could not be determined due to the hollow rotten center of the large stumps (200–280 cm in diameter).





Discussion

Carbon accumulation by forests essentially depends on the growth rate of dominant trees and environmental conditions. Disturbance regimes and land-use practices also play a significant role in regulating the potential carbon storage. In this study, we documented that C stocks and C accumulation rates of Fitzroya cupressoides forests highly depend on the environmental conditions given by the physiographic units where these forests grow, their associated disturbance regimes, and the successional stage indicated by stand age.


Carbon stock variation along forest development stages in the three physiographic regions

Andean old-growth Fitzroya forests reached a higher C stock than OGFs growing in the Coastal range and Central depression. The higher biomass C content in Andean OGFs would be mainly the result of the low-recurrence disturbance regime and the particular mechanisms associated with it (i.e., heat and burial; Swanson and Major, 2005), which play a distinguishing role in determining the distribution of carbon in the different pools. At high elevations in the Andean range (800–1,200 m), large-scale disturbances such as the deposition of volcanic tephra and landslides are important stand-initiating disturbances. Given the catastrophic regeneration mode (sensu Veblen, 1992), this pioneer species can be the first to colonize sites devasted by volcanic ash deposition. Fitzroya regeneration and stand development have advantages in these harsh sites compared to other species, such as Nothofagus betuloides or Nothofagus nitida, forming stands that are highly dominated by Fitzroya (Lara, 1991; Donoso et al., 2006). Depending on soil fertility, age and size structures of Fitzroya are typically bell-shaped, indicating, in most cases, a single post-disturbance cohort (Lara, 1991).

On the other hand, human-caused or natural fires are the main stand-initiating disturbance in the Coastal range and Central depression. Several studies have demonstrated the ability of Fitzroya to colonize relatively rapidly these burned sites as long as they have not been burned again or affected by cattle browsing (Veblen and Ashton, 1982). Fires have been a prevalent type of disturbance during the past 1,000 years, and anthropogenic fires, associated largely with Fitzroya logging, have mainly occurred since the 1700's (Molina, 1995; Lara et al., 1999; Sibold et al., 2021). Therefore, the large C stock in the living biomass of forests from the Andean range can be explained by the greater development period (centuries and millennia) before being affected by a stand-replacing disturbance again.

In all sites, C stored in snags and CWD was very low or inexistent in the early development stage (YFS). In the Andean range, the YFSs selected were located 0.5–1 km from the center of the cinder cone of the Apagado volcano, being heavily impacted by the eruption that was radiocarbon dated at 2.6 calibrated (cal) ka BP (Watt et al., 2011). This eruption wiped out the forest cover and buried all biological legacies and soil, following similar patterns to other severe volcanic eruptions (e.g., Franklin et al., 1985; Dale et al., 2005; Swanson et al., 2005). In the case of the Coastal range and Central depression, the null or low C stored in snags and CWD in the young development stage (YFS) could also be influenced by the forest logging that has occurred since the 1700's (Molina, 1995; Fraver et al., 1999). This logging takes place even today through the extraction of Fitzroya wood from snags and well-preserved CWD. The increase in the snag and CWD pool size over time is the result of the stand's own input. Legacies of dead standing or fallen trees are the result of natural mortality of different tree species. Highly durable Fitzroya snags may persist for several centuries (Urrutia-Jalabert et al., 2015a) or up to 4,000–5,000 years when buried by volcanic tephra layers up to 4.5 meters in depth. These are so well preserved that have been used in a dendrochronological study for temperature reconstruction (Lara et al., 2020). Old-growth Andean stands can actually reach a very long wood residence time for living trees, the highest documented worldwide (>1,300 years; Urrutia-Jalabert et al., 2015a). Values of dead biomass found in the Andean old-growth stands are within the values reported for broadleaved evergreen old-growth stands from the Chiloé Island (90 and 190 Mg C ha−1, Carmona et al., 2002).



Carbon stock buildup for each of the physiographic areas through time

In this study, we document that carbon stocks in living trees increased, in average, by 4.6 times from the young to the old-growth stage in the Coastal range, by 8.7 times in the Central depression, and by 28.5 times in the Andean range (calculated from data provided in Table 1). The first two figures are similar to those reported by Badalamenti et al. (2019) for Mediterranean ecosystems in Europe (carbon increased from 20 to 40 Mg C ha−1 in a high maquis to 209 Mg C ha−1 in an old-growth forest, along a 100-year secondary succession). The outstanding ratio for the Andean range may be explained by the change from very open low-stocked stands established in a harsh environment to highly stocked old-growth stands (with large trees) over a period of more than 1,500 years (Figure 3).

Total carbon stocks and carbon accumulation rates may be explained by different combinations of site conditions, disturbance regimes, and stand development stages as indicated by tree age. In all the studied stands, which are single-cohort, maximum age represents the time since carbon accumulation started. In the case of old-growth stands, this does not correspond to the maximum age because Fitzroya may reach massive sizes (dbh ranging from 200 and 250 cm), so age determination using 60- to 70-cm-long increment borers does not get to the pith or near it.

Considering the relationship between stand age and total carbon stock for all stands pooled together (R2 = 0,81 N = 20, Figure 4A), the main factor that could explain this pattern is the disturbance origin of the studied stands that have developed as a single cohort highly dominated by Fitzroya, with a relatively even-aged structure.

When relating total carbon with stand age in each physiographic unit separately, we found a strong relationship too, with differences in the slope and strength of it. Maximum stand age in the Coastal range reached 1,260 years, and the maximum carbon stock was 242–315 Mg C ha−1 compared to 1,567 years and 487–539 Mg C ha−1 for the Andean range (Figure 4B, Supplementary Table S2). The overall differences between the Andean and the Coastal ranges may be explained by the repeated fires and their shorter mean return period compared to single catastrophic disturbances that originated the stands studied in the Andean range (Lara, 1991; Lara et al., 1999; Urrutia-Jalabert et al., 2015a).

Regarding the different mean rates of carbon accumulation estimated from the slope of the regressions between carbon stocks and stand age, the fastest mean rate occurred in the Central depression (0.67 Mg C ha−1 year−1), followed by the Andean and the Coastal ranges (0.38 and 0.18 Mg C ha−1 year−1, respectively; Figure 4). Nevertheless, the Central depression estimate has the limitation that it is only based on the young and mature stands. The high carbon accumulation rate in this site may be associated with the fast mean radial growth rate, 0.4–0.8 mm/year, compared to 0.2–0.5 for the Coastal range and <0.1–0.3 mm/year for the Andean range (data not shown). This higher growth rate may be explained by the long growing season (mild temperatures) and high water availability throughout the year due to the highly organic soils, which remain moist most of the year in these flat central depression sites (Lara et al., 2008; Urrutia-Jalabert et al., 2018a).

The carbon accumulation rate in the Andean range may be explained by a very low carbon stock in the young stands associated with the slow establishment and growth rate of Fitzroya trees in very incipient soils developed from tephra on relatively steep slopes (Lara, 1991). As soil develops, the growth rate increases, and under an even precipitation distribution along the year, carbon stock increases, as indicated by the high values in mature stands (mainly contained in living trees, Figure 3, Table 1). In old-growth stands, soil continues to develop (Urrutia-Jalabert et al., 2015a), and given the old age of the stands (minimum 1,473–1,557 years), snags and CWD mainly from other species become important carbon pools, while the living trees continue to accumulate carbon (Figure 3, Table 1). It is important to mention that given the underestimation of the maximum age of Fitzroya trees in old-growth stands, the slope of the curve in the Andean range may be overestimated.

The Coastal range has the lowest slope in the regression between carbon stocks and stand age, indicating the slowest rate of carbon accumulation among the three physiographic units (Figure 4). This is somewhat surprising, given the higher radial growth rates of trees in the Coastal range than in the Andes (Urrutia-Jalabert et al., 2015b). The lower maximum height of trees (20 m in the coastal range compared to 38–40 m in the Andes, data not shown) determines a lower volume (and therefore lower biomass and carbon stocks for a given dbh of an individual tree). The volume functions that were used in this study (Urrutia-Jalabert et al., 2015a) indicate that the volume for a 40-cm-dbh tree in the Andes is 7.1% higher than that in the coastal range, and this difference increases to 17.9 % and 25% for a 60- and an 80-cm-dbh tree, respectively (not shown). This determines that despite higher radial growth in the Coastal range, there is a lower increase in biomass and carbon accumulation along stand age, compared to the Andean range. Total height at a given age is a typical indicator of site quality. Soils are more restrictive in the Coastal range, especially because they are highly lixiviated metamorphic soils, characterized for being shallow and waterlogged during winter, with a low water retention capacity and very low fertility and toxic aluminum levels, compared with the volcanic soils in the Andes (Urrutia-Jalabert et al., 2015a).



Final remarks on Fitzroya forests conservation

Due to the disturbance history that characterizes the Coastal range, it is more difficult for large Fitzroya trees to dominate the forested landscape, being more common to find mixed species stands in which there are a few number of large and old Fitzroya trees (e.g., CO-1 stand). In fact, the structure of stand CO-2 is very difficult to find in the Coastal range since most of large Fitzroya trees were cut or burned in the past. It has been reported that large-diameter trees store disproportionally large amounts of carbon (Mildrexler et al., 2020), so the repeated history of cuttings and fires has probably prevented forests to reach higher amounts of carbon stocks in the Coastal range. The largest carbon stocks of Fitzroya forests found in the Andean range can be also associated with the better conservation status of these forests due to their inaccessibility. Particularly, C stocks would have been even higher if trees buried by tephra (e.g., well trees) had been measured. Larger carbon stocks in Fitzroya forests could be achieved in the Coastal range and Central depression if illegal cuttings and human-caused fires were definitely stopped. Another recent threat for Fitzroya forests is urban sprawl, real estate expansion in conglomerates of 0.5-ha parcels (the minimum subdivision in rural areas permitted by law in Chile), and the development of associated infrastructure (e.g., roads and power lines) in the Central depression where human population and their activities are concentrated. This threat is affecting areas of young isolated Fitzroya stands, reducing the potential of recovery of these ecosystems and restoration actions.

In many parts of the world, forest disturbances have been intensified, and climate change is expected to amplify this trend, compromising profoundly forest carbon stocks and sinks in the future (Seidl et al., 2017). For instance, in recent years, forest landscapes in south-central Chile have experienced the largest wildfires of the past 50 years associated with dry and warm climate conditions (Bowman et al., 2018; González et al., 2018, 2020; Urrutia-Jalabert et al., 2018b; Garreaud et al., 2020). In this region, 99% of the fires are caused by humans (Pozo et al., 2022), and the risk of fires is increasing with climate change (Veblen et al., 2011; Urrutia-Jalabert et al., 2018b; IPCC, 2022), so stronger prevention and control programs for wildfires are needed.

Climate-induced forest dieback and reduced growth are also important threats to the conservation of Fitzroya cupressoides forests. Although this long-lived species seems to be somewhat resistant to water scarcity, warmer and drier conditions negatively affect its growth, and trees from the coastal range are actually decreasing their growth rates (Urrutia-Jalabert et al., 2015b, 2020; Lara et al., 2020). Moreover, resistance of Fitzroya to drought seems to be mediated by age and location, being young and adult trees less tolerant to drought in the Central depression than adult trees, but not young trees in the Coastal range (Urrutia-Jalabert et al., 2018a). The extent to which the species growing in different sites will be affected by climate change is still largely unknown and requires to be further investigated.

Long-lived Fitzroya cupressoides forests are unique and globally significant in terms of their ecological, environmental, and cultural values. These ecosystems are key not only for providing critical ecosystem services and biodiversity but also as sentinels of climate change and carbon sinks. Although Fitzroya is a threatened species protected by law, the sustained fragmentation and deforestation of these forests during recent decades, especially in the Central depression, demand an increasing effort to protect and restore these ecosystems.
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Physiographic area

Young

Coastal range 85 59.1 (8.5; 98.9) 0(£0;0) 0.6 (£06; 1.1) 525 (47.9; 100)

Central depression 3 38 (29.1;94.6) L1(£11;26) L1(&L1;28) 40.1 (31,25 100)
Andean range 75 15.3 (&1.8; 100) 0(£0;0) 0(0;0) 15.3 (1.8; 100)

Mature

Coastal range 86 1458 (+£44.3;96.7) 0(£0;0) 50 (£2.6:3.3) 150.8 (£45.2; 100)
Central depression 59 1499 (+2.8; 81.6) 311 (#2345 169) 28 (£02; 1.5) 183.7 (209; 100)
Andean range 8 192.2 (£17.9;91.2) 153 (£17,7.3) 33 (£08; 1.5) 2107 (17.7; 100)
Old-growth

Coastal range 72 242.5 (£58; 86.9) 22.8(£16.6;8.2) 13.6 (£5.2;4.9) 278.9 (£36.6; 100)
Central depression 100 3311 (58.8;100) 0(£0;0) 0(:0;0) 3311 (58.8; 100)
Andean range 85 4237 (£25.1;83.6) 57.8 (426,45 11.4) 252 (&14.7;5) 506.8 (:16.3; 100)

Values in parentheses indicates standard error (SE) and percentage (%) of the different carbon pools with respect to the total stock. Fe indicates the percentage (%) of Fitzroya cupressoides
with respect to the total carbon stock in each stand considering living trees and snags. CWD refers to coarse woody debris, for which the species cannot be identified.
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