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Abstract

Fire refugia play an important role in post-fire ecosystem recovery because they preserve
areas that represent a persistent legacy in the landscape and serve as propagule sources for
forest regeneration. Our objective was to identify the pre-fire topographic and land cover
conditions that determine the presence and quality of megafire refugia in the mountains of
central Argentina. In 208 1-ha field-based plots, we assessed pre-fire topographic and land
cover variables along with post-fire vegetation responses two years after the megafires.
Based on these assessments, we developed a fire refugia quality index ranging from 0 (no
refugia) to 5 (high-quality refugia). Using ordinal logistic regression and a model selection
approach, we found that high-quality fire refugia were associated with the more humid
east mountain flank and east- and north-facing slopes, as well as with smooth terrain,
high topographic positions, greater rock cover, steep slopes, and higher tree-to-grass cover
proportions. Our findings highlight the importance of topographic and land cover variables
in shaping fire refugia and provide insights into post-fire management and the conservation
of biodiversity in mountain ecosystems.

Keywords: Argentina; forest regeneration; ecosystem recovery; Polylepis; sprouting; wildfire;
shelter

1. Introduction

In recent decades, human-induced landscape and climate changes have led to an
increase in extreme wildfires worldwide [1], posing major threats to human well-being,
ecosystem services and vegetation resilience [2]. In burned landscapes, areas that remain
unburned or are only partially affected, known as fire refugia, play a key role in post-fire
recovery. These patches preserve biological legacies, serve as propagule sources for forest
regeneration, and provide shelter and food for wildlife during and immediately after
fires [3,4].
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In subtropical mountain ecosystems, prolonged and intense dry seasons can reduce
the number, size, and effectiveness of fire refugia by increasing fuel dryness and fire
severity [5,6]. Under such conditions, fires tend to spread more evenly across the landscape,
resulting in a decrease in unburned or less severely burned patches [7]. Nevertheless, fire
refugia can still occur in areas where local environmental features create microclimates that
mitigate fire intensity, or where non-combustible land covers, such as rocky areas, interrupt
fuel continuity [3,8].

The formation of fire refugia is influenced by topographic and land cover features,
which play a key role in burn severity and the direction of spread during the fire. Refugia
often occur in sites with high soil moisture, such as valley bottoms, shaded slopes, or high
elevations with reduced evapotranspiration [9-11]. They may also be formed on a rough or
rocky terrain that disrupts fuel continuity and provides physical protection to vegetation.
In contrast, vegetation structure can enhance or limit refugia formation; for example, tall
forests with shaded understories embedded within flammable grasslands can reduce fire
spread, increasing the likelihood of refugia persistence [12,13].

Specific combinations of topographic and land cover conditions tend to make fire
refugia more predictable and persistent over time, since they consistently limit fire spread
and allow certain areas to remain unburned through successive fire events [3,14]. Moreover,
the persistence of refugia is influenced by feedbacks between fire and vegetation, because
changes in fuel structure over time can either protect a site or increase its vulnerability
to future fires. While some refugia remain permanently unburned and predictable, other
refugia may be short-lived, playing their role during a single fire but becoming susceptible
to burning under extreme fire conditions [3]. Moreover, plants adapted to subtropical
climates generally have a strong post-fire resprouting capacity. Sprouts can emerge from
roots, the trunk base, or lightly scorched stems, fueled mainly by starch reserves in the
roots [15,16]. Therefore, when evaluating fire refugia, differences in post-fire negative
effects on resprouting capacity should be considered. Even when the aboveground biomass
is entirely burned, cryptic refugia may persist at sites where fire intensity was low. From
these sites, forest recovery and wildlife refuge functions are likely to be restored sooner
than in more severely affected areas.

Despite their ecological importance, fire refugia remain poorly studied in many sub-
tropical regions with an extended dry season. In the subtropical mountain forests of central
Argentina, post-fire survival of trees depends on several factors that presumably explain
the current distribution of forests. These factors include fire intensity, influenced by topog-
raphy, rock outcrops and biomass moisture content and fuel loads [17-20]. Nevertheless,
no study has still comprehensively examined the topographic and land cover drivers of
fire refugia formation at the landscape scale using field-based approaches.

Here, our aim is to identify the pre-fire conditions that determine the presence and
quality of fire refugia during megafire conditions in the mountains of central Argentina. We
hypothesize that the presence and quality of fire refugia are influenced by both topography
and land cover. Specifically, we expect highest-quality fire refugia to occur in sites with
the following characteristics: high elevations, steep slopes, high soil moisture due to low
solar exposure (east and south facing slopes in the southern hemisphere), low topographic
positions, high roughness, high rock cover, low tussock grass cover, and/or high tree cover.
Understanding the key factors that allow certain sites to act as fire refugia will aid post-fire
conservation and restoration efforts of these increasingly threatened mountain ecosystems.
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2. Materials and Methods
2.1. Study Area

The mountains in central Argentina run north to south, ranging in elevation from 400 to
2789 m asl. In our study area in Cordoba province (lat —32.093, lon —64.844) the mountain
range is characterized by asymmetrical flanks, with the western flank being steeper than
the eastern flank (Figure 1). The climate varies with elevation: mean annual temperature
decreases from 15.7 °C at 900 m to 7.4 °C at 2700 m asl, while annual precipitation increases
from 600 mm at 600 m to 1000 mm at 2200 m asl [15]. Correspondingly, soil temperature
decreases (r? = —0.97) and soil moisture increases (> = 0.95) from lowlands to highlands [21].
The dry-cold season lasts from May to September and precipitations are concentrated in
the warm months, from October to April [22].

Burned area
_September 2013
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| 0 Eastern flank plots
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Figure 1. (a) Location of the study area in Cérdoba province and Argentina. (b) False color composite
of satellite image (Landsat 8 OLI, bands 7/5/3, date 9 October 2013) of the burned area in September
2013. Ignition points; the square represents the distribution of the 208 study plots. (c) Distribution of
the plots on both mountain flanks in the burned area.

The landscape comprises a mosaic of grasslands, bare soils, natural and anthropogenic
exposed rock surfaces, shrublands and forests. Above 1700 m asl, forests are dominated
by Polylepis australis, accompanied by Maytenus boaria and the shrub Escallonia cordobensis.
Between 1700 and 1300 m asl, forests represent a transition to the Chaco Serrano ecosystem,
while below 1300 m asl, within the Chaco Serrano ecosystem, forests are composed of tree
species such as Lithraea molleoides, Celtis ehrenbergiana, Schinus fasciculata, Zanthoxylum coco,
Kageneckia lanceolata and Schinopsis marginata [15]. The predominant post-fire regeneration
strategy for native woody species in the region is resprouting [16,23,24].

The main economic activities in the region are extensive livestock rearing, tourism,
and exotic pine plantations. Fires are predominantly fueled by tussock grasses, which
become highly flammable during the dry season [25]. An average of about 3% of the
area burns annually at intermediate elevations (900-1700 m asl) dominated by grasslands,
and on average 1%—2% of the area burns annually at lower (<900 m asl) and higher
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(>1700 m asl) elevations, where woody vegetation and rock cover predominate, respec-
tively [26]. Although lightning-ignited fires have been recorded, most fires are human-
induced [26]. Current forest restoration efforts primarily focus on protecting areas from
livestock grazing, planting the dominant tree species and cutting tussock grasses in
an attempt to protect the restoration areas with fire-breaks (www.ecosistemasarg.org.ar,
www.accionserrana.com, www.fundacionbosquizar.blogspot.com, www.bosquesdeagua.ar;
(accessed on 27 June 2025)).

2.2. Study Fires

In September 2013, two fires, known locally as “Calamuchita 2013”, occurred simulta-
neously during six days, under meteorological conditions conducive to fire spread: wind
speeds of up to 70 km-h~!, temperatures of 40 °C, and very low humidity (the fires occurred
after a four-month period without precipitation). One fire started on the eastern flank, in
Sol de Mayo village, and burned around 40 houses, killed thousands of livestock (sheep,
goats, cattle), and consumed pine plantations that had high amounts of dead pines on the
ground due to an intense windstorm of the previous year. The other ignition point, on the
western flank, started in La Poblacién village, and burned native grasslands and forests,
and killed livestock. Both fires spread uphill and met near the mountain tops (Figure 1).
The fires, which were characterized as highly intense crown fires, consumed most of the
above-ground vegetation, spread over an elevation range of 700 to 2600 m asl, and burned
60,000 hectares (Figure 1). Due to their extraordinary size, the Calamuchita fires can be
described as “megafires” [27].

2.3. Study Design

We selected 208 1-ha plots using pre-fire satellite imagery available on Google Earth.
All plots were located within the boundaries of the burned area, in zones characterized
by forest or sparse tree cover of at least 1%, distributed along four elevational transects
ranging from 1039 to 2562 m asl and at least 60 m apart from the nearest plot to enhance
spatial independence (mean nearest distance: 190 m, see Figure 1). Between June and
December 2015, about two years after the fires, we located the plots in the field using GPS
coordinates and detailed Google Earth printouts that helped match the plot boundaries
with field landmarks such as rock outcrops and individual trees. Data were collected by
visiting the plots and trees within, but also by estimating cover variables with binoculars
from vantage points 30-100 m away, usually on the opposite slope. To ensure consistency,
all visual estimations were made by the same observer (RS) after a training period.

2.4. Topographic and Land Cover Variables

The topographic variables recorded in the field to characterize each plot included:
mountain flank (east or west), slope aspect of the plot in degrees from north and slope
inclination in degrees (Table 1). To further characterize the slope aspect of the plot, we
calculated northness and westness using cosine and the inverse of sine (i.e., —1 X sine)
transformations. Northness represents annual insolation, while westness indicates exposure
to solar radiation during the hottest part of the day. To complement the field-collected
topographic data, we performed Geographic Information System (GIS) processes based
on a Digital Elevation Model (DEM) using the Shuttle Radar Topography Mission (SRTM,
30 m/px) to derive additional variables: topographic position index, roughness index, and
elevation (m asl; Table 1). The topographic position was calculated within a 315-m radius
buffer using Equation (1):

elevation at the center of the plot — lower elevation
highest elevation — lower elevation

1)

Topographic position =
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Table 1. Description of plot topographic and land cover variables used as explanatory variables.

Indexes are dimensionless.

Variable Description Acquisition Method Unit Range
Topography
Mountain flank Entire side of the mountain Field observation Factor Eastern or
western
Northness Ann.ual insolation proxy Calculated. from aspect Index 14
(cosine of aspect) measured in the field
Insolation during the hottest part Calculated from aspect
Westness of the day (sine of aspect x —1) measured in the field Index -
Elevation 12 Elevation of the plot center DEM (30 m resolution) m asl 1039-2562
Slope Slope of the plot Field estimation Degrees
Topographic position index
Topographic position ! (relative elevation within a 315-m DEM analysis Index 0-1
radius around the plot center)
Mean roughness index (based
Roughness ! on the 9 pixels surrounding the Calcu}ated from rgdal Index 6-80
algorithm
plot center)
Land cover
Proportion of rock cover . L o
Rock cover Field estimation Yo 0-100
(outcrops or pavements)
Grass cover Proportion of grass and forb cover Field estimation % 0-100
Tree cover Proportion of tree and shrub cover Field estimation % 0-100
. Proportion of grass—rock cover
Grass—-rock proportion (0 = 100% rocks, 1 = 100% grass) Grass/(Grass + Rock) Index 0-1
. Proportion of tree—grass cover
Tree-grass proportion (0= 100% grass, 1 = 100% trees) Tree/(Tree + Grass) Index 0-1
. Proportion of tree—rock cover
Tree—rock proportion (0 = 100% rock, 1 = 100% tree cover) Tree/(Tree + Rock) Index 0-1
Tree mean height 2 MearT pre-ﬁre tree height (based on Field estimation m 1-10
remaining stems)
Tree maximum height Maximum pre-fire tree height Field estimation m 1-10
Rock cover under the Mean rock cover under the Field estimation (per tree, o 0-100
crown 2 tree crowns averaged per plot) ?

1 Calculated from a Digital Elevation Model (DEM) of 30 m/pixel resolution (SRTM). 2 Also reported separately
for each tree species in Supplementary Materials.

The index ranges from 0 to 1 (indicating the lowest and highest position, respectively,
in relation to the surrounding landscape). The roughness index was calculated using
the Geospatial Data Abstraction Library (GDAL) terrain roughness algorithm, which
determines the differences in elevation among neighboring pixels [28]. We used the average
value of the nine pixels surrounding the plot center. All GIS processes were conducted in
QGIS (version 3.22 Bialowieza).

The land cover variables were all recorded in the field and consisted of proportion of
herbaceous vegetation (grasses and forbs), woody vegetation (trees and shrubs), and rocks
(outcrops or pavements). Additionally, for a sample of up to 20 trees per plot (2336 in total),
we identified the species and estimated the pre-fire tree height as well as the rock cover
(%) under the tree crown. Although all field data were collected two years after the fires,
we estimated pre-fire values based on the regrowth of herbaceous vegetation and the
remaining standing stems, which typically persist for several years following fire events.
To synthesize land-cover information, we created three additional variables representing
proportions between pairs of cover types. The grass-rock proportion ranges from 0 (100%
rock cover) to 1 (100% grass cover) and was calculated as (2):

proportion of grass

Gras-rock proportion = . -
prop proportion of rock + proportion of grass

)
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Using the same approach, we calculated the tree—grass proportion and the tree—rock
proportion. For the individual tree measurements, we calculated the maximum and mean
tree height per plot, and the average of rock cover under the crowns for each plot (Table 1).

2.5. Refugia Quality Score as Dependent Variable

To create a fire refugia quality score, we assessed the following variables (related to
fire effects and post-fire vegetation response) for each plot: proportion of tree cover that
was scorched (%); proportion of scorched crown of fire-affected trees, averaged per plot (%);
post-fire survival (%); post-fire proportion of resprouted trees (%) and presence of aerial
resprouts (from the branches or trunks). a binary value of 1 or 0 was assigned to each plot
for each variable if it met (or did not meet, respectively) the following specific criteria:
(a) scorched trees: less than 100% of the trees in a plot were scorched; (b) scorched crowns:
less than 100% on average of tree crowns were scorched; (c) tree survival: at least 90% of
trees survived; (d) resprouting occurrence: at least 50% of trees exhibited some type of
post-fire resprouting, including basal and aerial resprouting; (e) aerial resprouting: presence
of sprouts in branches or trunks. Finally, the met criteria were summed for each plot in
order to build a refugia quality score ranging from 0 (no refugia) to 5 (highest quality fire
refugia). Refugia criteria and quality score are graphically summarized in Figure 2.

4 FIRE REFUGIA NUMBER OF CRITERIA MET AND REFUGIA
CRITERIA QUALITY
( ) (
0 = Null quality ) NO REFUGIA
Less than 100% of
Sc‘?mhed the trees in a plot
rees were scorched s oY
Less than 100% of ( 1=Lowest quality )
Scorched (the affected crowns|
crowns were scorched
(2 = Medium-to-low quality)
Tree survival
C3 = Medium quality ) FIRE
REFUGIA
: At least 50% of
Resprouting trees with some
occurrence \ type of resprout ( 4 = Medium-to-high qualit9
Aerial Presence of aerial . .
sprouting Cs = Highest quality )
S J \ )

Figure 2. Criteria used to define fire refugia and number of criteria required for each assigned refugia
quality score. The circle at the lower-left indicates the drawn aerial sprouts.

2.6. Data Analysis

We performed ordinal logistic regression (proportional odds model) using the function
polr from the MASS package in R [29] to identify the variables that best explained the
quality of a plot as fire refugia. The response variable was the quality score (ranging from
0 to 5), treated as an ordered factor. The model assumes an underlying continuous latent
variable with a logistic-distributed error (proportional odds assumption).

The explanatory variables included in the analysis were either topographic or related
to land cover. The mountain flank (east or west) was considered as a fixed /control factor,
since both flanks experienced different ignition events, and the west flank was steeper than
the east flank. We considered the following continuous variables: elevation, northness,
westness, slope, topographic position, roughness, tree, grass, and rock covers, grass—rock,
tree—grass, and tree-rock proportions; maximum and mean pre-fire tree height; and average
rock cover under the tree crowns (Table 1). We also included the transect (1 to 4) as a random
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effect to account for spatial clustering within each hydrographic basin. Before modeling,
we evaluated pairwise correlations among explanatory variables.

We applied an automatic forward stepwise algorithm from the MASS package to
identify the combination of explanatory variables that minimized the Akaike Information
Criterion (AIC). However, at any step, if the procedure selected a variable that was mod-
erately or highly correlated (Ir| > 0.5) with another variable that was already included,
we discarded it and restarted the process. This was repeated until a set of uncorrelated
or only slightly correlated variables was obtained. This approach was adopted to avoid
redundancy and multicollinearity and to facilitate the interpretation of results. The AIC was
chosen because it provides a robust balance between model fit and complexity, penalizing
the inclusion of unnecessary parameters and thus helping to avoid over-fitting.

Model residuals were manually computed following the approach implemented in the
DHARMa package [30], since this package does not directly support polr models. We then
conducted standard diagnostic checks, including assessment of the residual distribution
(expected to be uniform), overdispersion, and potential relationships with fitted values
and with each predictor variable. No significant biases or violations of model assumptions
were detected. Spatial autocorrelation was tested using the Mantel approach to evaluate
whether model residuals were spatially structured. All statistical analyses were conducted
in R (version 3.4.2; [31]), and results were considered statistically significant at p < 0.05.
However, we also interpreted, with caution, the non-significant variables included in
the model by our selection procedure, because according to the AIC criteria, they were
informative, and their p-values were relatively low (i.e., <0.15, see results).

3. Results
3.1. Fire Refugia Quality

All 208 study plots were partially or completely burned. Twenty-seven plots (13%) did
not meet any of the five criteria used to define fire refugia quality (Figure 2). Fire refugia of
low and medium-to-low quality (refugia meeting one or two criteria, respectively), were
identified in 20 (10%) and 47 (22%) of the plots, respectively. Most refugia (62 plots, 30%)
met three criteria and were classified as intermediate quality. Higher-quality refugia were
less frequent: 38 plots (18%) met four criteria (medium-to-high quality), and only 14 (7%)

met all five criteria (high quality). The frequency of each criterion met is summarized
in Table S1.

3.2. Topographic and Land Cover Effects

The slopes of the plots were oriented in all directions, with the plots on the eastern
flank of the mountain predominantly, but not exclusively, facing north and east, while those
on the western flank predominantly facing south and west. Elevation ranged from 1039 to
2562 m asl, with comparable variation on both flanks. Slope varied from 3 to 60°, showing
an identical range on both mountain flanks. Likewise, the plots on both flanks had similar
ranges in terms of topographic position and roughness (Table S2).

In terms of land cover, rock cover ranged from 1% to 92% on the eastern flank, and
up to 70% on the western flank. Grass cover generally ranged from 5% to over 95%, with
the minimum on the eastern flank being 17%. Tree cover varied between 1% and 80%, and
was similarly distributed on both mountain flanks. Overall, the proportion of grass-rock,
tree—grass, and tree-rock were comparable among both flanks. Tree height ranged from
1 to 10 m, and rock cover under tree crowns varied between 0% and ~77% (Table S2). Tree
species exhibited a clear elevational distribution. Polylepis australis dominated the highest
plots, while Escallonia cordobensis, Maytenus boaria, Schinus spp., and Lithraea molleoides
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appeared progressively toward lower elevations, though they were not necessarily
dominant (Table S3).

The model that best explained fire refugia quality included the following variables,
sorted by z-value (which reflects the strength and statistical significance of each predictor):
mountain flank (east or west), roughness, plot westness, topographic position, rock cover,
slope, tree-grass proportion and northness (pseudo R* McFadden = 0.165; Table 2). No spa-
tial autocorrelation was detected in the model residuals, as evidenced by the semivariogram
and confirmed statistically using a Mantel test (r = —0.061, p = 0.995).

Table 2. Results of the ordinal logistic regression model explaining fire refugia quality. The table
reports estimated coefficients, standard errors, z-values, and p-values for each selected explanatory
variable. The response variable is the fire refugia quality score. The model assumes an ordinal
distribution and includes data from 208 plots. Mountain flank (east or west) is a categorical variable;
all the other predictors are continuous. Variables are ordered by the absolute value of their z-statistic.
Model AIC = 609.21.

Explanatory Variables Coefficients Standard Errors z p
1. Mountain flank (west) —1.89 0.38 —4.97  <0.001
2. Roughness —0.05 0.01 —-3.86 <0.001
3. Westness —0.69 0.21 -331 <0.001
4. Topographic position 242 0.95 2.54 0.01
5. Rock cover 0.02 0.01 1.83 0.07
6. Slope 0.02 0.01 1.82 0.07
7. Tree—grass proportion 1.36 0.88 1.55 0.12
8. Northness 0.27 0.19 1.44 0.15

Mountain flank (east or west) had the highest absolute z-value, with high-quality
refugia predominantly located on the eastern mountain flank, while plots that were not
refugia or were of poor quality were mostly situated on the western flank of the mountain
range. Refugia quality decreased with increasing roughness, with the higher quality
of refugia more frequently found in areas with more homogeneous surfaces, and also
decreased with the westness index, showing a pronounced contrast between no refugia and
highest-quality refugia. Plots not characterized as refugia tended to be oriented towards
the west, while the highest-quality refugia tended to be oriented towards the east, even in
those east-facing slopes of the western flank. Plots that were not refugia were distributed
across all topographic position types, with low topographic positions exhibiting the poorest
refugia quality (Table 54 and Figure 3).

According to model predictions, the highest-quality fire refugia are located in areas
with high rock cover, which generally coincide with higher elevations. Rock cover in the
14 plots with the highest-quality refugia ranged from 82 to 92%, while it never exceeded 50%
in the categories “no refugia” and “lowest-quality refugia” (1 or 2 criteria met, Figure 3).
The quality of refugia also increased slightly with increasing slope. Only plots that did
not constitute fire refugia (i.e., did not meet any criteria) had slopes of less than 20°, while
all refugia plots, regardless of their quality, had slopes ranging between 25 and 30°. The
model showed that the tree-grass proportion slightly tended to increase refugia quality,
indicating that higher-quality refugia tended to have greater tree cover than grass cover
(Table S4 and Figure 3). Finally, northness was also included in the model, indicating
that refugia quality slightly increases in north-facing slopes. Variables not included in the
model were elevation, grass covet, tree cover, grass-rock proportion, tree-rock proportion,
mean and maximum tree height, rock cover under the crown, and transect (Table S4).
Although elevation showed a good predictive performance, it was removed due to its high
collinearity with rock cover (r = 0.59).
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or nearly significant (p < 0.1) variables included in the model: roughness, westness, topographic
position and rock cover. In the first column, model predictions are shown as continuous lines,
representing the expected quality score (i.e., the average of the quality scores weighted by their
predicted probabilities), with shaded areas representing 95% confidence intervals calculated through
a bootstrap procedure. Circles denote observed data points. Curves were generated from the
ordinal logistic regression model, with non-displayed covariates held at their mean values for each
flank (Table S2), except for plot westness, where northness was allowed to vary consistently with
westness. The second column shows boxplots of the observed data, according to each refugia
quality category.

4. Discussion

In landscapes increasingly exposed to high-intensity fires, the long-term persistence of
forests may depend on the presence of the few remaining effective fire refugia. However,
all our study plots were partially or completely burned, a situation that, to the best of our
knowledge, represents the first such record in at least the past 30 years [15,20]. Interestingly,
three of the eight selected variables explaining refugia quality exhibited patterns contrary
to our expectations based on previous studies, suggesting that megafires are not only
more intense and larger, but also different. The high wind speeds, high temperatures,
and a four-month drought, likely shifted the influence of factors that normally shape fire
behavior [32,33]. Consequently, the projected increase in extreme wildfire events begs for
further studies on the formation of fire refugia [1]. Nonetheless, our first findings highlight
the central role of topography and, to a lesser extent of land cover, in determining the
occurrence and quality of fire refugia following megafires.

4.1. Topographic Influences

Fire refugia quality was best explained by mountain flank, possibly due to greater
rainfall, lower temperatures [34], and reduced fuel loads from higher livestock densities on
the eastern flank [20,35]. Surface roughness ranked second but, unexpectedly, refugia were
more frequent in smoother terrain. The reasons for this unexpected result are unclear and
need more research; perhaps fires passed faster in smoother terrain due to high wind speeds
not slowed down by surface roughness, but could also be due to grazing pressure. Smoother
terrain is usually associated with high grazing pressure, which maintains extremely short
lawns that are not burnt [20,36]. Westness emerged as the third strongest predictor, with
east-facing slopes likely experiencing less intense fires due to reduced afternoon sun
exposure, and the consequent reduced evaporation compared to west-facing slopes. This
supports the expected pattern and reinforces the importance of mountain flank as the
primary predictor, since higher-quality refugia were associated with the east flank and,
within both flanks, with more east-facing slopes.

Topographic position was fourth, but, again, contrary to expectations: refugia quality
increased at higher topographic positions. This finding disagrees with studies of previous
fires that report a lower fire frequency in deep ravines attributed to higher humidity
and better protection against fire spread ([15,20] and literature cited therein), but is in
agreement with a previous study reporting significant canopy damage in a ravine during
the Calamuchita 2013 fires [23], highlighting the atypical behavior of these events. A
possible explanation is that ravines and valleys may act as wind corridors under extreme
fire conditions and can intensify fire severity rather than provide protection, as described
by Povak et al. [10] for Bailey’s ecoregion in California, USA.
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Slope inclination and northness ranked sixth and eighth in importance, and were the
only topographic features that were less important than a land cover feature in explaining
fire refugia. Presumably, fire spreads more quickly on steep slopes, with the consequent
reduction in vegetation exposure to flames and, consequently, producing less damage to
vegetation [37]. Unexpectedly, higher-quality refugia were found in north-facing slopes
(although with a p-value of 0.15), which are more sun exposed and drier than south-facing
slopes. In other regions, unburned islands or low-severity fires are found more often on
poleward-facing slopes [20,38—40], but exceptions have also been reported and attributed
to wetter soils accumulating more biomass when not grazed, and becoming vulnerable
to fire under extreme conditions [41]. Since soil moisture—grazing interactions were not
evaluated, our proposed explanations remain tentative, and partly contradictory when
comparing the explanations for northness and westness.

4.2. Land Cover

Given the large heterogeneity in rock cover in the mountain ranges studied and the
evident role of rock in reducing fire-induced damage to vegetation [15], it is not surprising
that rock cover emerged as a factor influencing refugia quality, albeit only in the fifth place.
Rocks create discontinuities in flammable fuel, thereby preventing fire spread. Therefore,
rock cover should serve as an important protective barrier for shrubs and trees against
surface fires, ultimately enhancing fire refugia quality. The association between rock cover
under the crown and the proportion of scorched crown has already been documented for
P. australis trees and forest stands in our study area, as well as for other species [15,20].
However, this is the first time that rock cover has been identified as a fire protection
mechanism on a large scale (1-ha plots) and in association with other species such as M.
boaria and E. cordobensis. The role of rock surfaces in the upper part of the mountains as
barriers to the spread of fire was discussed, but not measured, by Argafiaraz et al. [26], who
suggest that rock cover limits the total extension of each fire and as a consequence the total
annual burned area compared with intermediate elevations where rock surfaces occupy a
far lower proportion of the area.

The tree—grass cover proportion was of lower statistical importance, even when it pre-
sented an important trend with fire-refugia quality. This said, tree—grass cover proportion
was the only explanatory variable that can be manipulated through forest restoration or
deforestation actions; therefore, it is especially important in management. Tree canopies
reduce insolation and limit the growth of grasses beneath them, especially fine and contin-
uous fuels, thereby acting as a physical barrier to fire spread [17,18]. In contrast, sites with
high grass cover have fine and continuous accumulated fuels that facilitate fire propagation.
However, repeated fires with short return intervals can disrupt this protective structure
by preventing trees from reaching maturity, which reduces canopy cover and leads to
increased fuel accumulation on the ground, a shift that increases grass dominance and
fire susceptibility [18,20]. Therefore, efforts to maintain or enhance tree cover relative to
grasses, particularly through the promotion of native tree species with higher fire resistance
and resprouting capacity, may help to increase the persistence and spatial extent of future
fire refugia and strengthen the landscape’s resilience to fire.

4.3. Obstacles, Limitations and Future Research

Our first study of fire refugia in subtropical mountains needs further replications
to determine which predictors remain stable along successive megafire events, which
have continued to occur after the fire examined in this study [20]. The need for further
replication is emphasized by some of our predictors did not reach statistical significance,
and the difficulty in explaining some of our results. We suggest that future studies could
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improve on ours by evaluating pre-fire fuel accumulation, soil and vegetation moisture,
and livestock preferences, which we hypothesize may be explaining several of the unex-
pected associations we found in this study. We urge for more efforts of this type, even
when adapting research agendas to stochastic fire events is challenging, and pre-fire soil
moisture and livestock use will be difficult to evaluate. The way forward may be combining
high-resolution remote sensing, field experiments and/or well-controlled comparisons
of different livestock management regimes, and long-term monitoring to have a better
understanding of these factors.

5. Conclusions

Our first assessment of fire refugia showed that they were formed in the more humid
east mountain flank and east-facing slopes, as well as in smooth terrain at high topographic
positions. They also tended to be associated with areas with greater rock cover and steep
slopes and, to a lesser extent, with areas with higher tree-to-grass cover proportions and
north-facing slopes. These findings can help inform ongoing ecosystem restoration efforts.
We suggest that the establishment of fire refugia should be added to the multiple factors
that need to be taken into account when prioritizing areas for forest restoration. Eastern
flanks, steep slopes and high rock cover should be given priority for forest restoration.
In the case of tree species with short-distance dispersal, active forest restoration should
be considered, otherwise, passive restoration through a reduction in disturbances and
monitoring effectiveness would be more cost-effective. Current fire refugia that still have
isolated trees or forests do not require forest restoration efforts, unless they are invaded by
exotic species [15]. However, they should be given priority for biodiversity conservation
and as a seed source for post-fire recovery of surrounding areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f16111705/s1, Table S1. Frequency of occurrence of each criterion
across the 208 study plots; Table S2. The pre-fire characteristics of the 208 study plots split by
mountain flank (east or west). Minimum, mean and maximum values are presented. Units of
measurement are provided in Table 1; Table S3. Details of species elevational distribution and pre-
and post-fire characterization; Table S4. Summary statistics of measured explanatory variables split
by refugia quality category.
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