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Introduction: Large wildfires were historically absent in the forests of Tierra del Fuego, southern Argentina. This has changed in recent decades as humans have increased ignition sources, and warmer, drier periods have fueled large, severe wildfires. As a result of its location at an extreme southern latitude, Tierra del Fuego has very low tree species diversity. One of the region's dominant tree species, Nothofagus antarctica, is believed to have traits that may make it resilient to wildfire (e.g., the ability to resprout prolifically).

Methods: This study examined post-fire N. antarctica regeneration across an environmental and time-since-fire gradient. Plots were established in burned areas (n = 160) and unburned controls (n = 32) in and around two wildfires that occurred circa 1940 and in 2019. Seedling/resprout and sapling regeneration densities, as well as site characteristics (e.g., slope) and fire-impacted variables (e.g., distance to mature live trees), were measured.

Results: Seedling and resprout densities were lower in burned plots than in controls, with this trend being exacerbated in the 2019 fire with increasing distance from mature live trees. Regeneration generally occurs in clumps and principally through sprouting from live and top-killed trees, with not all top-killed trees having resprouted. Seedling and resprout densities were most strongly impacted by time since fire, distance to mature live trees and post-fire canopy cover. Sapling densities were modulated by slope, time since fire, and distance to mature live trees.

Discussion: Despite lower regeneration densities in recently burned plots and less live basal area and canopy cover in older burned plots compared to unburned controls, burned stands may be on a trajectory to recover pre-fire characteristics, although this recovery is spatially variable. However, full recovery has not occurred 80 years after the 1940's fire. Currently, these burned areas resemble grasslands or savannas. They do not provide the habitat or ecosystem services that denser forests do and may require active restoration to fully recover their pre-fire characteristics.
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1. Introduction

The frequency, severity, and size of forest fires in regions that historically experienced little to no wildfires have increased in recent decades (e.g., Parks et al., 2018; Busby et al., 2020; Tyukavina et al., 2022). While these changes seriously threaten the survival of some tree species, others are adapted and resilient to change (e.g., McCord et al., 2019; Rossman et al., 2020). Globally, many of the site characteristics and fire-impacted variables that determine which trees regenerate post-fire and at what densities are the same (e.g., aspect, distance to seed source, and fire severity).

Site characteristic variables are those that are largely unaffected by fire and include elevation, aspect, slope, herbivore use, and time since fire, among others (Johnstone et al., 2020). Fire-impacted variables, conversely, are those that are directly altered by fire and include post-fire basal area, distance to seed source, and remnant canopy cover (Dawe et al., 2020). Variables from both categories often influence post-fire forest recovery (Johnstone et al., 2020). Time since fire, for example, is a site characteristic often strongly linked to regeneration. For many sprouting species, for example, resprouting is triggered by the death of their above ground biomass and tends to be strongest in the years immediately following a fire (e.g., Lee et al., 2019). Distance to seed source and canopy cover tend to be universally important factors that impact post-fire tree regeneration as well (e.g., Clark et al., 1999; Busby et al., 2020; Peeler and Smithwick, 2020). For resprouting species, recruits tend to cluster closely around top-killed individuals post-fire (e.g., Hammett et al., 2017). Meanwhile, greater canopy cover can have either a positive (e.g., Boag et al., 2020) or negative (e.g., Kemp et al., 2019) impact on regeneration depending on the silvics of individual species and the moisture availability in a given environment. Reduced canopy cover tends to increase xeric conditions and favor species that are adapted to post-disturbance and early-seral environments (Kemp et al., 2019; Johnstone et al., 2020). Influencing all fire-impacted variables is fire severity, which describes the damage produced by a fire, and is informed by plant mortality and forest floor changes (Keeley, 2009). High-severity fires result in post-fire conditions where few live trees remain and ground cover is dominated by bare-mineral soil. These conditions can strongly deter the regeneration of certain tree species that are ill-adapted to burned landscapes (e.g., Holz et al., 2015).

The silvics of species present pre-fire are generally a significant driver of post-fire forest dynamics as well: wildfire promotes species with adaptations such as resprouting or serotiny (e.g., McKenzie and Tinker, 2012; Lamont et al., 2020). Prolific resprouting post-fire is frequently associated with hardwoods like many poplar (Populus) and oak (Quercus) species, and several conifer species, notably species in the genus Juniperus (Donato et al., 2009; Errington and Pinno, 2021). Resprouting is an ancient adaptation; it develops not only in response to fire but more generally in response to the loss of above-ground biomass (Keeley et al., 2011). In general, resprouting species have a higher chance of surviving or returning after fire than species that do not resprout (Lloret et al., 1999) and they tend to dominate a diverse array of post-fire landscapes globally (e.g., Steinke et al., 2008; Catry et al., 2013; Torres et al., 2014).

In southern Patagonia, thunderstorms, and thus lightning strikes, are extremely rare, and wildfire is not considered to have been a historical driver of ecological communities (Heusser, 1994). The historic fire regime in the forests on the island of Tierra del Fuego at the tip of South America has not been studied or described in detail. Still, the island's native peoples used fire continuously before and after their first sustained contact with Europeans in the mid to late 1800's. Their survival in the cold, wet climate of Tierra del Fuego depended heavily on constantly maintaining fires (Lothrop, 1928; Bridges, 1951). Though there are no written accounts of fire being used intentionally to promote specific plants or to clear areas for hunting, as was the case elsewhere in the Americas (e.g., Vale, 2002), it is known that the native Selk'nam people would abandon campfires and that these fires may have occasionally escaped and burned more extensive areas (Bridges, 1951).

As the human population of Tierra del Fuego and production activities such as logging, peat mining, and cattle ranching have increased on the island over the last century, wildfire ignition sources have also increased. The forests in the center and north of the island, where wildfire is most frequent, are dominated by Nothofagus antarctica, which generally forms monospecific stands. Though N. antarctica can produce mass quantities of lightweight seed, it is considered to be the species of Nothofagus that most heavily depends on resprouting to reproduce (Premoli and Steinke, 2008); it can resprout from its root system, branches, or from its base (root collar or crown) in relatively undisturbed forests, or in response to the loss of above ground biomass. The species has shown resilience to repeated and accumulated disturbances in Tierra del Fuego, as the ability of N. antarctica to resprout and persevere after silvicultural management and grazing has been previously documented in the region (Bahamonde et al., 2013, 2018; Soler et al., 2013, 2018). Although the selective pressure that resulted in its ability to resprout has not been confirmed with absolute certainty, it likely developed in response to grazing from the native herbivore Lama guanicoe, or in response to wildfires further north in N. antarctica's range (Veblen et al., 1999). As N. antarctica is commonly found in the ecotone between forest and grassland, it has been subject historically to more consistent and intense grazing than other Nothofagus species from herbivores that move between grasslands and adjacent forests (Veblen and Lorenz, 1988; Iranzo et al., 2022). Despite adapting to this selective pressure, constant trampling and browsing by livestock (cattle, sheep, and horses) and native herbivores over many years can still deform or impede N. antarctica regeneration (Raffaele et al., 2011; Echevarría et al., 2014).

The response of Nothofagus species in Tierra del Fuego to grazing has been well-documented but their responses to fire have not been. N. pumilio in Tierra del Fuego has been shown to be highly sensitive to wildfire and struggles to successfully recolonize burned areas (Ruggirello et al., 2023b). Post-fire regeneration of N. antarctica after a 2008 wildfire was also not as abundant as expected (Ruggirello et al., 2023a). Further study is still needed to more fully describe the post-fire regeneration trends of Nothofagus species in Tierra del Fuego. This work focuses specifically on N. antarctica. Given that N. antarctica reproduces through vigorous asexual sprouting, we hypothesized that it would successfully recover after a forest fire and we sought to answer the following questions relating to its post-fire regeneration dynamics:

• Which site characteristics (elevation, aspect, slope, herbivore use, and time since fire) most strongly impact regeneration density and spatial distribution?

• Which fire-impacted variables (distance to mature live trees, total basal area, canopy cover, and seed abundance) most strongly impact regeneration density and spatial distribution?

• Does N. antarctica's ability to resprout from top-killed individuals drive its establishment in burned areas?

• Are N. antarctica stands that burned 3 years ago and over 80 years ago on trajectories to recover pre-fire characteristics?



2. Materials and methods


2.1. Study area

This study was conducted in central Tierra del Fuego, near the town of Tolhuin (54°51′09′′ S, 67°19′30′′ W), in southern Argentina. Temperatures, precipitation, and winds are strongly influenced by the Andes mountains to the south, which produce drier conditions, stronger winds, and more extreme temperatures in the central and northern parts of the island. The average precipitation in the center of the island is 400–500 mm yr−1 and the average annual temperature is between 5 and 6°C (Goya et al., 2005). In general, the largest and most severe fires in Tierra del Fuego occur in this part of the island, as there is substantial commercial (e.g., logging, peat mining, and cattle ranching) and outdoor recreation activity in the area. Vegetation responds to the strong climatic gradient produced by the Fuegian Andes. To the south of the mountains, forests are dominated by pure N. pumilio and mixed N. pumilio-N. betuloides stands, but the study area in the center of the island is a mosaic of alternating pure N. pumilio and N. antarctica stands, grasslands, and peatlands.

This study was carried out in N. antarctica forests that burned circa 1940 in the Pirinaica Ranch Fire (hereafter called “old fire”) and in 2019 in the Lenga Patagonia Sawmill Fire (hereafter called “recent fire;” Figure 1, Table 1). The old fire was intentionally set by early homesteaders to destroy mature forests to clear land for sheep grazing, which it largely succeeded in doing. The site has since been regularly grazed by sheep and cattle. The recent fire was started in November by a forestry company that was burning residue piles behind their sawmill when strong winds carried the fire into the adjacent forest. The site also burned in the 1950's. There is light grazing at the site by the native ungulate the guanaco (L. guanicoe) and wild horses. In terms of climate and site quality, the two burned areas are not entirely analogous. The old fire occurred ~5 km from the Atlantic Ocean where temperatures are moderated by the sea and precipitation tends to be higher, whereas the recent fire occurred in the center of the island where temperatures are more extreme and precipitation is lower (Allué et al., 2010).


[image: Figure 1]
FIGURE 1
 Nothofagus antarctica forests: unburned (A), recent fire (B), and old fire (C).



TABLE 1 Fire details and mean elevation, slope, and predominant aspect by fire with minimum and maximum values in parenthesis.

[image: Table 1]

Due to the age of one of the two fires and the lack of region-specific burn-class ranges for Normalized Burn Ratio (NBR) calculations, specific estimates of burn severity in these fires were not included in this work. However, given the general absence of trees that survived fire, both wildfires are considered to have burned as stand-replacing, high-severity fires, resulting in deep ground layer consumption and high tree mortality. These results are supported by field estimates of fire severity in the recent fire (Ruggirello et al., 2023c).



2.2. Species description

In mature, undegraded N. antarctica forests, seedlings and resprouts are present at densities between 100,000 and 200,000 individuals ha−1 (Peri and Collado, 2009). N. antarctica has intermediate shade tolerance and is generally less tolerant of shade than other Nothofagus species in the region. However, it regenerates at high densities under semi-closed canopies, where it can persist for several years until canopy openings form or widen (Peri et al., 2016). Under the natural disturbance regime of blowdowns and stand decadence, N. antarctica forests are often semi-open, rather than completely closed, and provide frequent opportunities for regeneration to take advantage of constantly forming gaps (Peri et al., 2016). Given the lack of even moderate shade provided 3 years post-fire, it can be expected that individuals will likely not regenerate at similar densities as in undegraded forests.



2.3. Study design and regeneration measurements

The methods used in this study were largely the same as those used in Ruggirello et al. (2023b). Two research sites were established in each fire for a total of four sites. Each site consisted of four, 300 m long transects (n = 16). Transects were located starting at a random point along the unburned forest edge, and set toward the interior of the burned area, with a minimum distance of 50 m between transects. This distance often ended up being well over 150 m to capture the intra-fire variability at each site. Each transect contained five plot locations. Plot locations were established at 60 m intervals starting 30 m from the unburned forest edge (Coop et al., 2010; Figure 2). For each transect, a control plot location was established at random at least 50 m into the adjacent, unburned forest. Each plot location contained two rectangular plots: one 10 m by 2 m (20 m2) running north-south in which saplings were tallied, and another 5 m by 20 cm (1 m2) running west-east starting from the 5 m mark of the sapling plot (hereafter referred to as plot center) in which seedlings and resprouts were counted (Figure 2). These methods have been shown to be adequate for surveying regeneration in unburned Nothofagus forests in Tierra del Fuego (Soler et al., 2013). However, given the scarcity of regeneration in parts of the burned areas, if a seedling/resprout or sapling was not present in its respective plot, that plot was expanded until finding at least one individual. The new plot size (either a rectangle or square) was then calculated, resulting in regeneration plots of differing areas. Regeneration was later standardized for each plot to seedlings/resprouts and saplings per hectare. Given the variable distance between opposite, unburned forest edges and the presence of tree refugia within the fire perimeters, average distance to live mature trees was used for analyses rather than the expected distance of a plot to the unburned forest edge.


[image: Figure 2]
FIGURE 2
 Maps of the general study area (A) and fire boundaries (B), as well as diagrams of the transect design (C) and plot layout (D).


Seedlings and resprouts were defined as individuals with a height ≤30 cm and saplings as having a height >30 cm, but ≤130 cm (Soler et al., 2013, 2018). As one research site contains four transects, and a transect contains five seedling/resprout and five sapling plots and one seedling/resprout control plot and one sapling control plot, this resulted in a total of 192 plots, 160 burned and 32 unburned, across the four sites.

Per transect, ~12 seedling-sized individuals were chosen at random from within established seedling/resprout regeneration plots when possible, or the nearest seedling-sized individuals to a plot not containing regeneration were selected, and their regeneration source (sexual or asexual) was determined. For this, the relationship between an individual's age and height and its age and DAC (diameter at root collar) was examined, as well as its proximity to nearby individuals from which it could have sprouted (Soler et al., 2018). Age is estimated in N. antarctica by counting nodes along a plant's stem; the amount of stem between nodes corresponds to 1 year's growth. If an individual exhibited exceptional growth relative to its age (>2.5 cm year−1 according to Soler et al., 2018), broadened significantly at its root collar, and was within 2 m of a live or dead N. antarctica tree, it was designated to be of asexual origin. To confirm our designations, the root systems of individuals whose origins were not obviously apparent upon inspection were excavated until finding a union with the tree from which they sprouted, or until finding the end of their root system, indicating germination from seed.



2.4. Collecting site characteristics and fire-impacted variables

Field sampling was conducted in the southern hemisphere summer of 2021–2022 (December-February). At plot center, elevation, aspect, and slope were recorded using a GPS, compass, and laser rangefinder (TruPulse/Laser Technology, Centennial, CO, USA; Busby et al., 2020). One hemispheric photograph was also taken from plot center with a camera with a fisheye lens and canopy cover was later extracted from each photograph using the software program Gap Light Analyzer (Frazer et al., 1999). Horizontal distance from plot center to the three nearest live, mature trees was also recorded using a laser rangefinder (TruPulse/Laser Technology, Centennial Colorado, USA; Busby et al., 2020). At each plot location, forest structure was measured from plot center using the Bitterlich method of angular counting (Pulido et al., 2000), resulting in variable-radius plots whose sizes depended on the diameters of trees at breast height (DBH) and the basal area factor used. For trees with diameters at breast height ≥5 cm and a height >130 cm included within variable-area plots, DBH, total height, and tree condition (live/dead) were recorded. From these measurements, dead basal area, live basal area, and total basal area (dead + live basal area) could be calculated. To estimate herbivore activity, in each 20 m2 plot, all herbivore feces present from cattle, horses, and guanaco were tallied. Seedfall was estimated in the autumn of 2022 (April), by counting all N. antarctica seeds present on the forest floor in five, 20 cm2 subplots per plot (Chianucci et al., 2021; Tattoni et al., 2021) in all control, 30 m, and 270 m plots (n = 48).



2.5. Quantifying forest recovery

Specific metrics for analyzing forest recovery in degraded (by logging and cattle grazing) N. antarctica stands are offered by Peri et al. (2021) and set seedling/resprout regeneration thresholds as: (1) none/scarce: ≤50 individuals ha−1; (2) good: <300 individuals ha−1, but >50 individuals ha−1; (3) very good: ≥300 individuals ha−1. Forest recovery after the recent fire was thus analyzed by comparing seedling/resprout regeneration in the recent fire to thresholds for both undegraded (for reference only, values listed in Section 2.2) and degraded forests, knowing that study sites more closely resemble degraded than undegraded forest. In our study, sapling regeneration was not considered for recovery analysis at the recent fire as not enough time had passed for many seedling-size individuals to grow into saplings and therefore serve as an indicator of potential forest recovery in the recently burned area.

Regeneration thresholds outlined by Peri et al. (2021) were not used to assess forest recovery at the older fire. Because of the amount of time that had passed since that fire, current seedling/resprout densities do not fully capture forest recovery that may have occurred over the last eight decades. We, therefore, used an estimated stand age ratio between burned and unburned forests to assess forest recovery at the older burned sites. Forests that burned over 80 years ago in the old fire are approximately a third as old as their control plots, which were estimated at ~240 years old, given the diameter to age relationship established in the region for N. antarctica (Ivancich, 2011). Assuming that forest recovery began immediately after the 1940's fire, burned-area stands are approximately a third as old as the adjacent unburned forest. Therefore, minimum recovery thresholds of 33% of unburned average canopy cover and total basal area were used to assess forest recovery in the old fire.



2.6. Data analysis

Seedling/resprout and sapling densities were standardized to stems ha-1 for each control and burned plot. These values could then be summed and averaged by site and by the recent fire vs. the older one. Regeneration differences were expressed as a percentage and calculated at the site and fire level as:

[image: image]

After averaging regeneration densities at the plot level, the effects of site characteristics and fire-impacted variables on regeneration density could also be analyzed by applying generalized linear mixed models (GLMMs). The average seedling/resprout and sapling densities from all sites combined were dependent variables. Although sapling regeneration was scarce in the 2019 fire, likely due to the fire having taken place recently, there were still some saplings present, given that resprouting N. antarctica trees often exhibit rapid height growth (Soler et al., 2018). We thought it important to capture the relative importance of drivers of this sapling regeneration in the recent fire as well as sapling regeneration present in the old fire. Site characteristics (elevation, aspect, slope, herbivore use, and time since fire) and fire-impacted variables (distance to mature live trees, canopy cover, total remnant basal area, and seed abundance) were used as fixed factors of analysis, while transects nested in sites were considered as a random factor. When considering the impact of distance to mature live trees, in particular, it was possible that adjacent plots referenced the same groups of trees and were therefore not strictly independent replicates. For all analyses, aspect was categorized numerically with north-facing plots given a value of one, northeast-facing plots a value of two, and so on, with south-facing plots being given the highest values. The negative binomial distribution using the log function yielded the lowest deviance and best model fit (AIC) for all response variables. Time since fire was 3 (years) for the recent burn plots, 82 (years) for the older fire burn plots, and left blank for control plots. A natural log transformation was used for seedling/resprout density to analyze the effect of distance to mature live trees and to calculate the intercept for fire-impacted variables and a natural log transformation was used for sapling density to analyze the effect of herbivore use. Significant predictors of regeneration identified in the GLMM analyses were then re-run with fires separated to detect whether effects differed in significance between fires. This was not done for time since fire as a single fire had the same time since fire for all burned plots. Generalized linear mixed models were adjusted using the nlme and lme4 packages of the R language through the statistical software interface to run R “InfoStat” (di Rienzo et al., 2015).

Seedling/resprout densities per plot in the recent fire were linearly correlated to the average distance to a mature live tree using Spearman's correlation (ρ). To determine which combinations of variables characterized burned and unburned plots, a Principal Component Analysis (PCA) was used based on a correlation matrix and included all site characteristic and fire-impacted variables except for total basal area and seed abundance, which were excluded because of their correlation with distance to mature live trees, and time since fire because it contains only two values that by nature divide old burned plots from recently burned plots. These analyses were completed with a Monte Carlo permutation test (n = 999) to assess the significance of each axis (p < 0.05). PCA analyses were carried out in PC-Ord 5.0 (McCune and Mefford, 2011).




3. Results


3.1. Regeneration patterns

All sites, across all fires, had less average per hectare regeneration in burned plots than unburned plots, except for the old fire site 1, where burned plots had 32% more regeneration on average than unburned controls (Table 2). Conversely, the old fire site 2 burned plots had the least regeneration relative to unburned plots, with 80% less regeneration than their respective control plots. However, this site had the highest overall average number of seedlings/resprouts and saplings per hectare (20,363 individuals ha−1) of any burned site. Overall, sites from the recent and old fire combined had only 32 seedlings/resprouts and saplings in burned plots for every 100 seedlings/resprouts and saplings in unburned plots, a difference of −68%. For the recent fire, burned plots had only 25 seedlings/resprouts and saplings per hectare for every 100 in the unburned plots. Regeneration in the older fire was 33% of control plots, a reduction in regeneration of −67%.


TABLE 2 Mean values (stems ha−1) of regeneration (seedlings/resprouts and saplings combined) at the site and fire level (n = 48 per site, 96 per fire).

[image: Table 2]

Breaking regeneration down by class (seedlings/resprouts vs. saplings) revealed similar patterns as those described above (Figure 3). However, the difference in regeneration totals between unburned plots and burned plots was much larger for seedlings/resprouts than for saplings. Though control plots did have more sapling regeneration than burned plots, the difference was far less pronounced than for seedlings/resprouts, for which controls had thousands (recent fire) and tens of thousands (old fire) more seedlings/resprouts per hectare than burned plots.


[image: Figure 3]
FIGURE 3
 Mean regeneration broken down by site and divided into seedlings/resprouts (≤30 cm tall) (n = 96) and saplings (>30 cm, but <130 cm tall) (n = 96) in burned plots and unburned controls. Bars represent standard error; not shown for all controls to maintain scale.


Seedling-sized regeneration examined by origin (sexual vs. asexual) revealed that regeneration was heavily dominated by resprouts (Table 3). In total, 93% of the subset of 199 individuals examined were of asexual origin. This did not vary significantly based on time since fire: in the recent fire, 94% of seedling-sized plants examined originated from resprouting, whereas 92% originated from asexual reproduction in the older fire.


TABLE 3 Subsample of Nothofagus antarctica regeneration checked for reproductive origin (sexual vs. asexual) broken down by fire and number of individuals and percent of individuals originating from seed vs. sprouting.

[image: Table 3]



3.2. Impact of key variables on regeneration

A greater number of fire-impacted variables, rather than site characteristics, explained seedling/resprout regeneration densities (Table 4). Time since fire was the only site characteristic that significantly explained seedling/resprout density, with seedling regeneration increasing linearly with greater time since fire. Of the fire-impacted variables, distance to mature live trees (negative) and canopy cover (positive) most clearly explained seedling/resprout density. Both variables had a linear relationship with seedling/resprout densities, with distance to mature live trees being the strongest. Canopy cover was significant in the recent fire (z = 2.39, p = 0.017), but not the older one (z = 0.42, p = 0.67). Distance to mature live trees was significant in recent fire sites (z = −3.89, p < 0.001) but not in older fire sites (z = −0.67, p > 0.5).


TABLE 4 GLMM analyses of factors impacting seedling/resprout regeneration grouped by site characteristics and fire-impacted variables (n = 96).

[image: Table 4]

Sapling densities, conversely, were explained by more site characteristics than fire-impacted variables (Table 5). For sapling density, significant site characteristics were slope (positive) and time since fire (positive). Both time since fire vs. sapling density and slope vs. sapling density were linear relationships, with time since fire having a stronger correlation. Although slope was significant when both fires were considered together, it was not significant at the older fire (z = 0.33, p = 0.74) and only marginally significant at the recent fire (z = 1.74, p = 0.081). Distance to mature live trees (negative) was the only fire-impacted variable that explained sapling regeneration. This relationship was linear and significant in the recent fire sites (z = −4.18, p < 0.001), but not the older sites (z = 0.16, p = 0.87).


TABLE 5 GLMM analyses of factors impacting sapling regeneration grouped by site characteristics and fire-impacted variables (n = 96).

[image: Table 5]



3.3. Forest recovery

At no point in the burned or unburned plots of the recent fire did average seedling-sized regeneration per plot approach 100,000 stems ha−1 (Table 2): recent fire site 1 had an average of 1,552 seedlings/resprouts per hectare and site 2 averaged 2,998 seedlings/resprouts per hectare. These values are 1.6 and 3%, respectively, of the low range value of seedlings/resprouts known to establish in the gaps of mature, undegraded N. antarctica forests (100,000 seedlings ha−1). However, recovery, or lack thereof, was not spatially uniform across the recently burned area. Seedling-sized regeneration densities per plot generally declined with increasing distance from mature live trees (ρ = −0.5, p < 0.001; Figure 4). When comparing regeneration recovery at the recent fire to thresholds for degraded N. antarctica forests, 35% of plots (n = 14) fell in the very good category (≥300 seedlings/resprouts ha−1), 35% of plots (n = 14) fell in the good category (>50, but <300 seedlings/resprouts ha−1), and 30% of plots (n = 12) fell in the scarce category (≤50 seedlings/resprouts ha−1).


[image: Figure 4]
FIGURE 4
 Seedling/resprout density (stems ha−1) of burned and control plots from the recent fire (n = 48) as a function of average distance from the closest mature live trees, with a line of best fit for the data shown.


Examining forest recovery in the older fire indicated that canopy cover reached thresholds for recovery (33% of unburned values) at both sites; however, live basal area only reached the recovery threshold at site 2. Canopy cover was highest in the old fire site 1, where it averaged 38.6%, which was 67% of its respective control plots; canopy cover also recovered to 60% of unburned values at the old fire site 2 (Table 6). Live basal area only reached 18% recovery at site 1 but did reach 36% at site 2. Recovery of both canopy cover and live basal area varied by plot and with distance from live mature trees, generally decreasing with increased distance from live mature trees (data not shown). Averaged across both old fire sites, beyond 10 m average distance from a mature live tree, live basal area was generally below the recovery threshold. Canopy cover, however, largely stayed above the recovery threshold even as distances to mature live trees increased beyond 10 m.


TABLE 6 Comparison of live basal area (BA) and canopy cover (CC) between burned and unburned plots 80 years after the old fire (n = 48).

[image: Table 6]

The PCA displayed the combination of different site characteristics and fire-impacted variables (with the exception of total basal area, seed abundance, and time since fire) explaining the ordination of burned and unburned plots in all fires and controls (Figure 5). Two axes were retained for analysis. Axis one was significant (p < 0.05) and explained 32.9% of the variance and axis two was non-significant (p > 0.1) and explained 20.4% of the variance. Burned plots from the recent fire separated clearly from all other plot types along the horizontal axis. Old burned plots overlapped in some instances with recent and old unburned plots but also separated along the vertical axis in certain cases. Axis one, which captured more of the variability in recently burned plots, correlated most closely with distance to mature live trees (0.83), canopy cover (−0.73), and slope (−0.65). Axis two, encapsulating more of the variability in older burned plots and all unburned plots, was most strongly correlated with aspect (0.84) and elevation (0.71). A complete description of these results is provided in the Supplementary material.
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FIGURE 5
 Principal Component Analysis (PCA) of explanatory variables in burned and unburned plots of the recent and old fire (n = 96); DLT, Distance to mature live trees; CC, Canopy cover; HU, Herbivore use.





4. Discussion


4.1. Site characteristics: seedlings and resprouts grow into saplings, despite herbivory

In absolute terms, there were, on average, many more thousands of seedlings/resprouts and saplings per hectare in the old fire than in the recent fire. This may be attributed to the fact that not enough time has passed since the recent fire occurred for seedlings/resprouts to establish in greater numbers and grow into saplings. There is also likely a site quality difference between the two sites that impacts regeneration height growth rates (Peri and Collado, 2009): the average height of trees in the older fire control plots was 9.3 vs. 7.3 m in the recent fire control plots. A number of factors other than site quality could explain this height difference, though, including differing histories of land use and disturbance. Trees in the control plots associated with the older fire are also likely at least 100 years older than those in the controls for the recent fire. However, given the higher rates of precipitation and warmer temperatures in the older burned area, it is reasonable to assume that the old fire sites have higher site qualities than the recent fire sites. Increased site quality is known to impact seed production, viability, and germination positively (e.g., Moya et al., 2007), and may have resulted in higher seedling/resprout and sapling densities in the older fire.

Both recent and old fire sites have been exposed to post-fire grazing, which could theoretically lead to reduced regeneration densities in heavily-used areas and widespread herbivore damage to plants. Herbivore use, however, was not statistically significant (Tables 4, 5) for seedlings/resprouts or saplings, and regeneration was rarely observed as being stunted, as is often the case for post-fire, grazed Nothofagus species (e.g., Ruggirello et al., 2023b). The high abundance of unpalatable grasses in burned areas and the presence of phenolic compounds in N. antarctica's leaves (González et al., 2018) may deter grazing. Downed logs can also provide protection to regeneration from herbivory (e.g., Fairweather et al., 2014), and the high number of large downed logs in both burned areas may deter cattle grazing in particular, allowing seedlings and resprouts to more frequently grow into saplings and, eventually, into sexually mature trees that can serve to further recolonize burned areas.

Slope was the only significant site characteristic other than time since fire, and was only significant for sapling density (Table 5). As is the case for all non-experimental wildfire research, sites are not selected at random, as they are defined by areas that were not experimentally burned. In the case of our two studied fires, the ranges of elevations, slopes, and aspects present were relatively narrow. Both fires took place on relatively gentle, north-facing terrain at similar elevations. Still, subtle differences in elevation, slope, and aspect between and within sites generally did not produce significant variation in regeneration densities: when gradients are mild, site characteristics do not appear to impact regeneration.



4.2. Fire-impacted variables: resprouts concentrate around legacies

Seedling/resprout density was positively correlated to canopy cover in both the recent and old fire (Table 2) but was not significant for saplings. This may best be explained by the silvics of N. antarctica and intermediate shade tolerant species in general: regeneration that has intermediate shade tolerance benefits from some shade under which they germinate and grow in the 1st years of life, but ultimately need the formation of gaps to thrive (Wagner et al., 2011; Zhu et al., 2014). Such a situation appears to be playing out at our study sites, as seedlings and resprouts are more likely to benefit from greater canopy cover than saplings.

Distance to mature live trees was significant for both seedlings/resprouts and saplings, but this relationship was only significant in the recent fire. In both the recent and old fire, seedlings/resprouts and saplings were defined using the same height criteria. This means that regeneration from the same classes in the two different fires established at very different moments in time after fire. As more than 80 years have passed since the old fire occurred and none of our predictive variables other than time since fire explained regeneration at the older burned sites, regeneration patterns there are responding to factors not analyzed in this study. Suitable microsite availability, for example, may be driving regeneration patterns in the older fire, where large swaths of the burned area have converted to savannahs dominated by grasses and dotted with occasional, scattered trees. In these conditions, dense mats of grasses, composed mainly of introduced forage species that established over time post-fire, likely limit tree regeneration (Ruggirello et al., 2022). Seedlings, resprouts, and saplings are thus often limited to areas along fences and roadsides, where disturbance creates opportunities for N. antarctica to establish (Soler et al., 2018). In the recent fire, conversely, grasses and forbs have not yet widely established and the burned area is still largely dominated by bare-mineral soil. Seedlings and resprouts in the recent fire, therefore, do not experience the same intense competition and absence of suitable microsites that they do in the older fire.

Still, if regeneration in the most recent fire were being driven principally by resprouting from top-killed individuals, distance to mature live trees would not have been strongly tied to seedling/resprout and sapling densities. When regeneration is tied exclusively to resprouting from top-killed individuals, there is no clear link between regeneration and distance to mature live trees or the unburned forest edge (e.g., Owen et al., 2017). The fact that N. antarctica regeneration is tied significantly to mature live trees and not to total basal area, which captures top-killed individuals capable of resprouting, suggests that resprouting from top-killed trees may not be the dominant form of widespread burned-area colonization, but rather a dynamic playing out sporadically immediately after a fire (Burns, 1993; Steinke et al., 2008). Still, the subset of seedlings examined in this study for reproductive origin revealed a pattern already observed in N. antarctica (Steinke et al., 2008), that seedling/resprout regeneration is largely driven by asexual reproduction and not by seeds (Table 3). Here, we see a distinction between resprouting from top-killed individuals and sprouting from mature live trees that survived the fire (also called legacies). Given the strong link between regeneration and mature live trees (and not to total basal area encapsulating top-killed individuals), N. antarctica may depend more strongly on sprouting, asexual reproduction, from legacies that survive fire or trees that are unaffected by fire (those outside the fire boundary) than on resprouting from top-killed individuals. Although some top-killed individuals do resprout post-fire, many do not. In the recent fire, in particular, larger top-killed individuals (average DBH > 20 cm) almost never resprouted, while smaller mature individuals (average DBH < 20 cm) were frequently observed resprouting. Older, larger, and reburned individuals may not be able to resprout, as is the case for other tree species (Golden, 1999; Belz, 2003; Bock et al., 2007). For now, we can only circumstantially conclude that increases in an N. antarctica tree's size, age, and fire exposure may inhibit its resprouting ability after being top-killed.



4.3. Forests will likely take over a century to recover

Although N. antarctica may not rely as strongly on top-killed resprouting as on sprouting from legacies, its prolific asexual reproduction does result in some degree of forest recovery. Canopy cover reached recovery thresholds in both old fire sites and basal area reached set thresholds at one of the two sites. The fact that canopy cover recovery was stronger than basal area recovery may be attributed to the fact that N. antarctica emphasizes height growth when young before adding diameter and thus basal area with age. Ultimately, basal area also appears to be recovering, but more slowly than canopy cover.

Seedling/resprout regeneration was good or very good in 70% of the plots recently burned by fire. Recovery within the fires varied considerably by location, however, as N. antarctica expanded outward from surviving legacies and certain top-killed individuals. Though N. antarctica may be able to resprout and expand around surviving and some top-killed trees and therefore begin to re-establish in burned areas, this process has not resulted in complete forest recovery ~80 years after the old fire. Wildfires produce severe impacts in Tierra del Fuego (Ruggirello et al., 2023c), top-killing or completely killing most trees within a burned area. Although there are likely many variables at play that result in slow post-fire forest recovery, the absence of sufficient individuals capable of resprouting post-fire due to high fire severity is likely a significant factor that slows forest recovery. For example, in the recent fire, only two of 40 plots contained living mature trees that survived the fire. With top-killed individuals resprouting sporadically at this fire, asexual reproduction from live trees along the fire boundary or legacies that survived fire will likely take decades or centuries to return the area to pre-fire conditions. As a result, tree cover in the short to mid-term is fragmented and patchy.

N. antarctica's ability to recover post-fire, albeit slowly, does nevertheless provide some hope that closed-canopy forests may not be permanently lost after wildfire, which could be significant considering that many N. pumilio stands in Tierra del Fuego transition to grasslands or shrublands after fire and show few signs of ever returning to pre-fire conditions (Ruggirello et al., 2023b). N. antarctica forests that reform post-fire, however, will not resemble pre-fire forests for well over a century until trees fill in the area between legacies and expand out from fire boundaries mainly through asexual reproduction. Until this process unfolds completely, savannah-like conditions will dominate the post-fire landscape. These conditions generally favor grassland fauna and understory plant species and provide different ecosystem services than denser-canopy forests (Ruggirello et al., 2023a).




5. Restoration recommendations

In burned areas with relatively uniform site conditions, variations in aspect, elevation, and slope do not generally impact N. antarctica regeneration. Recolonization of burned areas is driven by sprouting from live individuals and supplemented by sporadic resprouting from top-killed individuals. As not all top-killed individuals resprout post-fire, when conducting forest restoration, it is important to identify resprouting patterns for a particular burned area by determining which size and age classes of top-killed trees tend to resprout and where individuals are more or less likely to sprout (e.g., hilltops, roadsides, and low-severity burn patches). Planting (active restoration) will be most necessary where live trees are absent and top-killed individuals are unlikely to resprout.
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