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Wildfires are responsible for a substantial loss of forest ecosystem services globally and represent a major driving
force of forest degradation across Latin American and the Caribbean (LAC). The detrimental effect of forest fires
is particularly relevant in regions where fire has been historically absent or has rarely occurred. Nowadays, there
is an increasing interest to promote and develop ecological restoration (ER) following fire. LAC constitutes a
hotspot where work and interest in ER has been steadily increasing over the last decades, mainly due to the drive
of a new generation of young and experienced ecologists and foresters.

Despite the increasing attention in post-fire restoration in the region, there is a dearth of initiatives compiling
and organizing all the available information on this topic. This work aims to address such constraint, providing
current information on post-fire ER in LAC forests. After a brief contextualization of environmental and social
consequences of wildfires, we collect and discuss recent advances on restoring degraded forests. From the conifer
Mexican ecosystems to the Southern Patagonian evergreen forests, we look back over the last two decades
(2000-2020) mainly discussing experiences of success and failure, as well as limitations of implementing ap-
proaches based on passive/natural restoration or active/assisted restoration. Furthermore, we also explore other
aspects of the restoration process, including those related to social participation and community engagement (e.
g. education in restored areas), the use of fire regulation and management to reduce fire risks and increase
ecosystem resilience, educational aspects and intermediate approaches as agroforestry and silviculture practices.
In the last sections, we identify three major categories of specific constraints that condition ER, including
environmental limitations (biotic and abiotic factors), technical/management factors and the socio-economic
challenge of restoration. Finally, we briefly discuss future perspectives for ER in LAC.

1. Introduction that is mainly caused by human-driven factors (Bradshaw et al., 2021).

Specifically, anthropogenic wildfires are responsible for a substantial

From the mixed conifer ecosystems in the highlands of Mexico to the
Southern Patagonian evergreen stands, forests cover nearly a billion
hectares across Latin America and the Caribbean (LAC), making up a
significant share of Earth’s aboveground biodiversity, providing essen-
tial functions and natural resources and playing an essential role on
climate regulation at the regional and global scale. We are currently
witnessing a progressive degradation of virtually all biomes on Earth
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loss on global forest areas. Acting alone or synergistically with defor-
estation, agricultural and livestock pressure, invasive species introduc-
tion, forestry plantations, habitat fragmentation, or climate change,
wildfires represent a driving force of forest loss through LAC. It is also
worth noting that, even in those environments where fire has naturally
shaped the landscape, human intervention in the form of fire suppres-
sion may also have serious consequences on ecosystem services and their
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own functioning.

Considering that causes, triggers, and their intricate interrelation-
ship represent a complex field of study and that the variables are specific
to each particular biome or region, our work will focus on post-fire
stages and discuss the different strategies that have been applied for
the different scenarios of postfire restoration. However, this effort re-
quires a short overview of the historic and current scenario, and the
problem of forest fires, together with the causes and consequences
across different biomes in LAC. Then, we aim to collect and disentangle
recent advances on restoring degraded forest ecosystems after wildfires
in LAC following the precepts of ecological restoration (ER). We
consider all aspects of natural or assisted restoration but also those as-
pects related to social participation and community engagement to
provide a general vision of how the discipline has moved forward in
different parts of the continent. To do so, we put special emphasis on
those works published in the last two decades (2000-2020) since ER
during this time has witnessed a significant increase in global attention.
Finally, we identify some deficiencies that may compromise restoration
outcomes and discuss them along with environmental, ecological, and
socioeconomic constraints that may limit its widespread use.

2. Fires in LAC forest ecosystems
2.1. Forests in LAC

The complexity of forests goes beyond a mere population of trees
growing on the land. Forests represent the habitat of a substantial
portion of the terrestrial flora, fauna, and microorganisms, which make
them key environments for biodiversity conservation. Forests are also
critical in the regulation of global climate and provide a myriad of other
essential functions, which include the provision of natural resources,
regulation of the hydrological cycle, watershed protection, air quality,
and recreational purposes (FAO and UNEP, 2020).

Coinciding with the vast biogeographic realm Neotropic defined by
Olson et al. (2001), Latin America and the Caribbean (LAC) conform a
vast territory in which forests make up about half of its total area (FAO,
2020). LAC forests cover nearly a billion hectares and stretch from the
mixed conifer ecosystems in the highlands of Mexico to the Southern
Patagonian evergreen forests, the most meridional forest ecosystem in
the world. Altogether, LAC forests represent about a quarter of the
world’s forest area (FAO, 2020). Administratively, LAC includes mega-
diverse countries with the greatest biological forest diversity on Earth
and hosts 57% of the primary forests globally (FAO and UNEP, 2020).
The Neotropic encompasses several biomes, which include humid trop-
ical forests (evergreen broadleaf, semi-humid broadleaf), dry tropical
forests (deciduous, semi-deciduous, and semi-deciduous transitional),
and temperate forests (evergreen broadleaf, evergreen mixed, and de-
ciduous), distributed into lowland, premontane and montane ranges
(Eva et al., 2004). The carbon (C) stored in the biomass in LAC forests is
over 100 gigatons, which makes these ecosystems highly significant in
terms of their contribution to the global C cycle (UNEP-WCMC, 2016).

2.2. Recent trends in forest cover in LAC

Environmental conditions and soil properties play a fundamental
role in the type, structure, and geographical distribution of forest
vegetation (Holdridge, 1947; Saiz et al., 2012; Veenendaal et al., 2015).
Since the onset of the Holocene, variations in forest cover in LAC have
not just responded to climate-related forcing (Maksic et al., 2019), but to
ever-increasing anthropogenic pressures that have led to massive land-
scape transformations in the region, particularly over the past few
centuries (Armesto et al., 2010). Indeed, anthropogenic-related factors
are greatly responsible for the broad variation in forest surface through
the region, where the area currently covered with forest ranges from
9.5% in Uruguay to 96.5% in the French Guiana (Giri and Long, 2014).

Deforestation in LAC during the first decade of the 21st century was
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~5.20 million ha, which is equivalent to an area slightly larger than the
size of Spain. While this trend is still negative, the rate of forest loss in
LAC has declined to ~2.6 million ha during the second decade of this
century (FAO, 2020). Causes of deforestation are often multiple and
complexly interlinked. These include agricultural expansion, particu-
larly in the form of pasture and feed crops grown to meet the increasing
global demand for meat, wood procurement, population growth, land
tenure insecurity, and poor governance (Aide et al., 2013; Manners and
Varela-Ortega, 2017). While deforestation has been the major force
behind changes in woody cover in LAC, particularly in moist and dry
forests as well as in savanna/shrubland ecosystems, there have also been
regions that have experienced a recovery in woody vegetation as a result
of reduced anthropogenic pressure, increased precipitation, and CO5
fertilization (Aide et al., 2013).

Besides natural forest regeneration, land-use changes in the form of
forest plantations also contribute to the total forest cover, accounting for
about 2% of the total forest area in South America. However, 99% of
these forest plantations in the region are fast-growing monocultures
intensively managed for commercial purposes (FAO, 2020). While
highly productive, the forestry species typically chosen are non-native
species commonly associated with the occurrence of wildfires (Ubeda
and Sarricolea, 2016).

2.3. Fires in LAC forests

2.3.1. Historical occurrence of fire in LAC forests

Fire has occurred on the Earth’s surface ever since there has been a
combination of biomass, atmospheric oxygen levels above the 16-19%
threshold, episodically low moisture conditions, and an ignition source
such as lighting (Scott et al., 2013). These environmental conditions
have been met for millions of years and have certainly contributed to
shaping all terrestrial landscapes. The fossil record shows that there
have been very large fluctuations in fire occurrences throughout
geological times (Scott et al., 2013).

Charcoal records from tropical South America show relatively low
numbers of fire events during the Last Glacial Maximum (LGM; 18-24
cal ka BP) (Mayle et al., 2009). Besides promoting an overall reduction
in biomass, the inherent cool conditions of this period would have also
limited the occurrence and spread of fires. The archaeological record
also shows an augmented presence of fire events as soon as humans
populate any region, which in the case of tropical South America seem to
date back to the late (terminal) Pleistocene period that followed the
LGM (Arroyo-Kalin, 2012). This is well reflected in the overall increase
in the abundance of pyrogenic C in numerous sedimentary records that
reflects the increasing use of fire by humans (Bird et al., 2015). The onset
and gradual increase of human populations in the LAC region led to the
widespread use of fire for agricultural practices, but also to the estab-
lishment of settlements, procurement of timber, hunting, etc. Indeed, it
was through these activities that humans achieved increasing control
over fuel loads and landscape connectivity (Archibald et al., 2012).
Therefore, human-induced fires have been a considerable force shaping
the landscape in LAC, even in some of its most undisturbed ecosystems,
the Amazonian forest (Mayle et al., 2009; Arroyo-Kalin, 2012).
Furthermore, the sheer scale of land use changes occurring in LAC has
effectively altered the burning frequency and severity of ecosystems
where the presence of fire has been fairly uncommon (e.g., temperate
Araucaria forest; Gonzalez, 2005). Large fires have also played a sig-
nificant ecological role in shaping even the wettest Southern LAC forests
in the past centuries (Veblen et al., 2008). Charcoal material deposited
during the Holocene indicates large spatial heterogeneity across the
South American continent, but in general, it could be inferred a shift
toward higher fire occurrences over time (Power et al., 2008). Never-
theless, as is the case in many other aspects in LAC, its broad biocultural
diversity underlies large differential patterns in the way landscapes are
managed throughout this vast region (Armesto et al., 2010).
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2.3.2. Current scenario and future prospects of forest fires in LAC

Wildfires alone have been responsible for nearly one-fourth of the
global forest loss reported for the 1990-2015 period (Curtis et al., 2018).
Nearly 100 million ha of forest burned in the year 2015 alone, which is
about 4% of the global forest area, affecting tropical ecosystems (2/3 of
the total), particularly in Africa and South America (FAO, 2020). While
these are highly concerning figures, up until very recently the burned
area in LAC was not increasing as much as in other world regions (i.e.
Southern Africa, Southeast Asia, or Australia) (Giglio et al., 2013).
However, the calamitous Amazonian fires in 2019 (Lizundia-Loiola
et al., 2020) are solid proof of low fire regions being transformed into
fire-prone areas (Davidson et al., 2012; Jia et al., 2019). Three broad
types of fires can be distinguished in the Amazon: deforestation fires
(fire after clearing), fires in previously cleared areas, and fires affecting
standing forests (Barlow et al., 2020). Spatially tied to human land use,
deforestation, habitat fragmentation, and climate change act synergis-
tically through the Amazon basin to increase fire risk (Cochrane and
Barber, 2009).

Outside the tropical realm, recent trends in forest fires in LAC have
not been much better. For instance, the number of wildfires in Chile has
increased significantly in the past 30 years (Ubeda and Sarricolea,
2016). More recently, over 500,000 ha burned in the central regions of
Chile in just over a month during the austral summer of 2017, in what
was considered the biggest wildfires in the country’s history. The pro-
portion of forest cover affected in those mega-fires was 60%, including
both native forests and commercial forest plantations (de la Barrera
et al., 2018). In the northern tip of LAC, the heterogeneous landscape of
Mexico also presents numerous fire events in forest ecosystems, partic-
ularly in mid-elevation coniferous forests (Ztiniga-Vasquez and Pompa-
Garcia, 2019).

2.3.3. Causes of forest fires in LAC

Within the current context of global environmental change, both
human pressure (through land cover and land use) and global warming
are playing a growing role in determining wildfire regimes with future
climate variability expected to enhance the risk and severity of wildfires
in many biomes (Liu and Wimberly, 2016; Jia et al., 2019). Indeed,
changes in land cover, lightning activity, and meteorology contribute to
increasing fire occurrence, projecting a dramatic scenario of higher fire
frequency under the 2050 conditions (Huang et al, 2015). In addition to
fire frequency, virtually all forests ecosystems have experienced a sig-
nificant increase in the length of fire weather season (Jolly et al., 2015).

Wildfires may be considered the result of social, economic, and
biophysical factors operating with feedbacks and interactions across
spatial scales (Sorrensen, 2009). The combination of recurrent droughts,
promotion of fire-prone vegetation (i.e. forestry plantations), and
increasing anthropogenic land pressure promote the occurrence and
spread of forest fires in temperate regions of Chile and Mexico (Ubeda
and Sarricolea, 2016; Zuniga-Vasquez and Pompa-Garcia, 2019).
Furthermore, tropical forests are also suffering from altered fire regimes,
which pose a fundamental threat not only to the many environmental
functions they serve but to their very existence (FAO 2020; FAO and
UNEP, 2020). However, there is still great uncertainty about how
climate change and increasing anthropogenic pressure will exactly affect
fire regimes across the various forest biomes, and the likely enhanced
detrimental impacts that these burns will cause on the different eco-
systems (Krawchuk et al., 2009).

Besides climate-related factors, other factors that dramatically in-
crease the occurrence of forest fires include land clearing for agricultural
purposes, proximity to human settlements, land tenure disputes, and
forestry practices that promote the accumulation and connectivity of
high fuel loads. The fires raging across the Brazilian Amazon and sur-
rounding areas accumulate the highest rates of fire events for the last
decade in South America (Chen et al., 2013) and capture a substantial
part of the world’s attention. Here, fire represents a traditional tool for
forest clearing and land preparation, with decisions about when and
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how to use it being taken locally by landowners. The use of fire to
convert dry and humid forest areas for agriculture is concentrated in the
‘arc of deforestation’ along the southern and eastern edges of the
Amazon in Brazil and Bolivia, increasing the likelihood of fire escape
into standing forests (Chen et al., 2013), and allowing fire expansion
into historically intact areas (Barlow et al. 2020). Serving as a direct
footprint of land-use change, Cardil et al. (2020) recently evidenced a
widespread sequence of fire events in tropical moist forests immediately
after deforestation. Without the same media relevance, agricultural and
livestock pressure have transformed the dry tropical forests of the
Chaco, one of the last large contiguous areas of dry tropical forest in the
world (Kernan et al. 2010), into one of the regions with the highest rate
of deforestation linked to agriculture expansion (Hansen et al., 2013).
On a much smaller scale, fire also represents a source of tension within
communities with ongoing competing interests. Furthermore, inten-
tional wildfires are occasionally related to conflicts between the local
population and those interested in resource exploitation (Celentano
et al., 2018).

The structure and type of woodland cover are also strong de-
terminants affecting forest fire regimes regionally (Ubeda and Sarrico-
lea, 2016). Currently, the expansion of tree cover in the central
provinces of Chile is primarily the result of large monoculture planta-
tions, mainly composed of flammable species that have been associated
with fire severity and propagation (Gonzalez et al., 2020), which have
resulted in a dramatic increase in wildfire events (de la Barrera et al.,
2018). Fires affecting understory forest vegetation are also common in
tropical LAC and depend on multiple variables that strongly determine
its flammability and ignition exposure. These include the size of the
forest stand, proximity to the forest edge, and distance to charcoal pits,
agricultural settlements, and cleared paths (Alencar et al., 2004).

3. Post-fire effects/consequences on forest ecosystems

It is important to distinguish between two main concepts routinely
used in wildfire research: fire intensity and severity. Used as synonyms for
a long time, there is a clear difference between both concepts with
important consequences on post-fire assessment. While fire intensity
describes the physical combustion process of energy release from
organic matter, fire severity (or more properly, burn severity) describes
how the burning process affects ecosystems, mainly based on soil
organic matter (SOM) loss and aboveground OM conversion to ash
(Keeley, 2009). Although both terms usually correlate in the field, many
restoration studies refer to a wildfire intensity classification when
dealing with fire consequences. For the purposes of this work -and
restoration in general- fire consequences in terms of burn severity ap-
pears more relevant than intensity. Therefore, we will refer hereon to
fire severity.

3.1. Soil conservation after wildfires

The characteristically high temperatures and heat transfer caused by
biomass combustion during wildfires affect all levels of soil organiza-
tion, including its structure, porosity, infiltration, thermal regime, water
storage, pH, OM content, and nutrient availability (Neary et al., 1999,
2005; Gonzalez-Pérez et al., 2004; Certini, 2005; Saiz et al., 2018). The
impact of temperature varies with soil depth (temperature effects dis-
sipates after a few centimeters) and with soil moisture (water acts as a
buffer) (Ferreira et al., 2008). Soil temperatures experienced during
biomass burning strongly determine the post-fire evolution of forest
ecosystems. Post-fire impacts include the significant alteration of soil
properties (key for soil conservation), the death of seeds and rhizomes,
and potentially strong impacts on the composition of the soil micro-
biome. Furthermore, soil erosion rates may be high in burned forest
ecosystems, particularly in mountainous ranges and areas with pro-
nounced slopes. These losses are the result of soil structural changes, a
decrease in infiltration capacity, water repellence, and the enhancement
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of detrimental hydrological processes.

Soil burn severity (SBS), defined as the degree of SOM loss, is
dependent on the type of forest ecosystem. Forest typology poses a
strong influence not only on fire categorization and behavior but also on
soil moisture and thickness of the soil organic horizon. These factors
determine the degree of perturbation in soil properties, thus greatly
influencing soil conservation and the subsequent evolution of vegeta-
tion. However, despite the direct influence of soil properties on forest
resilience and the large diversity and extent of LAC forest ecosystems,
post-fire variations in soil physical and chemical properties have not
been explored in much detail compared to fire-prone areas of Europe,
Australia, or the USA (Meira-Castro et al., 2015, Mugaddas et al., 2015,
Pingree and DeLuca, 2018).

Research work conducted in LAC shows that wildfire impacts on soils
of temperate and subtropical forests with a moderately developed
organic horizon are highly variable, as revealed by studies carried out in
stands dominated by Pinus and Quercus (Capulin-Grande et al., 2018;
Hernandez Vallecillo et al., 2020), Araucaria (Santana et al., 2020a), or
Austrocedrus and Nothofagus (Urretavizcaya, 2010; Urretavizcaya et al.,
2018). A similar situation can be seen in fire-prone tropical forests
(Quintero-Gradilla et al. 2020) or in the gallery forests of Cerrado
(Gomes et al., 2018; Pivello et al., 2010). The high variability in fire
temperature across ecosystems is strongly determined by a combination
of season, fire behavior, and fuel load (Saiz et al., 2015). While in the dry
season both moderate and high levels of SBS cause substantial negative
impacts on soils, fires tend to be cooler during the rainy season and the
beneficial fertilizing effects of ashes become more apparent.

In tropical rainforests, notwithstanding the massive clearance of land
that occurred over the past few years, most of the fires are the conse-
quence of the slash-and-burn agricultural practices widely employed
across relatively small areas. Due to their typical wet conditions
(abundant precipitation and high humidity both in biomass and soil),
rainforest fires are usually of low intensity (Cochrane et al., 1999), and
therefore changes in soil properties are low to moderate (Béliveau et al.,
2015; Juarez-Orozco et al., 2017). Similarly, tropical mountain forests
hosting peatlands show high soil humidity levels, which usually limits
any strong perturbations in their soil physicochemical properties
(Roman-Cuesta et al., 2011), and edaphic microbiota (Torres Vargas
et al., 2004).

Forest stands recently burned present harsher soil conditions
(increased light intensity, soil temperature, and enhanced evaporation)
for sustaining life compared to unaffected areas (Lippok et al., 2013).
Once the forest is fragmented, the density and the average height of the
leaf canopy is reduced, which favours rapid evaporation of soil surface
water, increasing fire susceptibility, particularly if the vegetation is not
fire-adapted (e.g. tropical rainforest, Ray et al., 2005). This progressive
loss of forest cover promotes drought events at regional scale, which
together with the increasing anthropogenic ignition sources, have
caused widespread tree mortality and forest degradation across south-
eastern Amazon rainforests (Brando et al., 2014). Humid tropical for-
ests (evergreen rainforests) are resilient to initial disturbances, but if
these are sustained, forest structure and nutrient dynamics may get
significantly altered, potentially leading to long-term changes in vege-
tation composition (Davidson et al., 2012). The linkage between fire
trends and the hydrological cycle is reflected in the recent Amazonian
droughts that have been shown to fuel wildfires (Aragao et al., 2007,
2018). Also, it has been reported that widespread fires in Nothofagus
forests depend on drought at monthly, seasonal, annual, and supra-
annual time scales (Veblen et al., 2008).

Fire effects on soil properties depend on many factors such as the
type and intensity of the burn, soil moisture conditions, soil type, and
the nature of burned biomass (Gonzalez-Pérez et al., 2004; Certini,
2005; Santin and Doerr, 2016). On the one hand, short-term increases in
SOC and nutrient content have been reported in savannas and evergreen
seasonal forests (Nardoto and Bustamante, 2003; Ivanauskas et al.,
2003; Saiz et al., 2015), attributed to the partial combustion and
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degradation of litter and biomass. Although positive, the rapid increase
in nutrient availability also makes them more prone to potential vola-
tilization and export, diminishing soil nutrient stocks and ecosystem
resilience to future disturbances. On the other hand, medium and long-
term reduction in soil moisture and nutrient pools (mainly C, N, and P)
has been observed following fire events in temperate (Alauzis et al.,
2004; Nave et al., 2011) and tropical forests (Ivanauskas et al., 2003). In
other cases, such as in tropical or subtropical dry forests (Cerrado,
Caatinga), their low and sparse vegetation presumably prevent high
values of SBS (Roscoe et al., 2000; Pivello et al., 2010).

Forest fires are responsible for a substantial loss of C in LAC (Van der
Werf et al., 2017; Aragao et al., 2018) and can produce a vicious cycle,
induced by positive feedbacks, where a high release of C and other
greenhouse gases as a result of combustion and ash erosion may repre-
sent a significant increase in overall C emissions. These losses reduce
environmental services provided by forest ecosystems, namely in their
ability to act as net C sinks. Typically, the new equilibrium following
severe and frequent fires occurs in the form of degraded ecosystems with
much less capacity to retain C in both the soil and the aboveground
vegetation. While a significant share of aboveground C biomass may get
transferred to the atmosphere during combustion, fires also promote C
shifts between terrestrial pools and alter the physicochemical nature of
thermally-affected C compounds, which impact the quantity and quality
of C stored in the soil (Gonzalez-Pérez et al., 2004; Merino et al., 2014;
Saiz et al., 2015). Besides the direct effect on SOC stocks, recurrent fire
events also limit the capacity of soils to be restored. Zarin et al. (2005)
analyzed 93 stands across the Amazonian region burned in the last 30
years and showed that stands that suffered > 5 fire events showed a
significant reduction (>50%) in C accumulation. These authors forecast
a scenario of increasingly degraded fire-prone landscapes in case no
intervention is implemented. The time needed for forest ecosystems to
regain C losses following a fire event depends on their capacity to
recover and re-establish vegetation structure (resilience). For instance,
using estimations of losses and C stocks for the central region of the
Andean Patagonia, Bertolin et al. (2015) projected an interval of
100-200 years to recover former C stocks in fire-affected forests.

Finally, the negative impacts caused by forest fires do get exacer-
bated when other detrimental activities take place shortly after.
Recurrent fires followed by intense heavy cattle browsing have led to a
new type of disturbance regime in the otherwise stable ecosystems like
those of Northern Patagonia (Blackhall et al., 2008; Raffaele et al.,
2011). In the mesic, high-mountain rangelands of Cérdoba (Argentina),
the common presence of livestock increased 50% soil loss after fire,
driving this system into a rocky desert (Cingolani et al., 2013). The
combined presence of fire and cattle has created a new scenario whereby
variations in vegetation structure and composition pose a strong po-
tential to hamper the stability of forest ecosystems (Blackhall et al.,
2015).

3.2. Changes in the plant community

Intrinsic fuel properties of vegetation, namely moisture, ignitability,
and the heat released during combustion, affect fire frequency, intensity,
seasonality, and SBS (Mandle et al., 2011). Reciprocally, woodland and
forest structure are largely controlled by fire history. In addition to the
charred appearance, changes in vegetation structure and composition
are the first evidence of recently burned ecosystems. In general, fire
promotes the herbaceous layer by increasing plant density and species
richness, thus creating a more divergent matrix of vegetation in terms of
species composition, abundance, and secondary forest specialists
(Ribeiro et al., 2010). Also, fire recurrence favours the presence of plant
populations with small-sized stems (Cesca et al., 2014).

The revegetation rate will depend on the SBS and fire history. In this
sense, there is an important distinction between fire-adapted (e.g. gal-
lery forest in the Cerrado) and non-adapted ecosystems (e,g. tropical
rainforest). In fire-adapted ecosystems (dry forest, Mediterranean
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forests) low severity fires maintain beneficial plant ecological attributes
-fire adaptations- that evolved in accordance: e.g. the genus Pinus
(Rodriguez-Trejo and Fulé, 2003), Quercus (Rodriguez-Trejo and Myers,
2010) or species from the Cerrado (Simon and Pennington, 2012) or the
Chaco Serrano Forest (Torres and Renison, 2017). In addition, the
availability of seeds is crucial to ensure revegetation. The capacity of the
seed bank to resist fire severity also vary across LAC forests reflecting
their degree of adaptation to fire events. These range from adapted seed
banks in the Chaco forests (Jaureguiberry and Diaz, 2015; Lipoma et al.,
2018), to intermediate in the Chilean matorral (Gomez-Gonzalez et al.,
2017), up to sensitive seedbanks in the Amazonian rainforest (Cochrane
et al., 1999) or the Atlantic Forest (de Silva and Matos, 2006).

The current increase in wildfire incidence produces changes at the
ecosystem level in regions where fire is occasional, or it has been his-
torically absent (tropical, temperate forests). Here, plant communities
are more vulnerable to postfire degradation and invasion by invasive
alien plants (IAPs). In many cases, light and nutrient availability in
burned areas create novel niches rapidly occupied by pioneer species, as
IAPs (see also Section 5.1). When the fire frequency, intensity, or
severity exceeds historical regimes, native vegetation tends to be dis-
placed, since fire selectively excludes sensitive species (Hoffmann and
Moreira, 2002; Brooks et al. 2004; Gomes et al., 2014; Urrutia-Estrada
et al., 2018). This fact generates favourable conditions for the coloni-
zation and establishment of exotics (Zouhar et al., 2008), progressively
reducing species diversity and promoting ecosystem homogenization
(Libano and Felfili, 2006).

Even resilient forests are experiencing changes in their structure,
composition, and dynamics as a result of increasing wildfire frequencies.
Such is the case of Nothofagus forests in Chile, where environmental
proxies spanning over 3,200 years reveal that the persistence of dense
forest stands has been largely unaffected by lower frequency wildfires
(Simi et al., 2017). Lack of adaptation to new fire regimes (natural or
human-induced) or the occurrence of major disturbances (logging,
windthrows, etc) favours the presence of transitional stages (second-
growth forest) dominated by a mix of different species (Gonzalez et al.,
2015). Synergistic trends between economy, agriculture, forests, and
climate in the Amazon Basin could lead to the replacement or severe
degradation of a significant proportion of the closed-canopy forests,
promoting a large-scale substitution by savanna-like vegetation (Nep-
stad et al., 2008). Considered as a transitional state in ecological suc-
cession or a degraded state from original evergreen sclerophyllous
vegetation, more open savannas represented by early successional spe-
cies (e.g. Acacia caven) dominate secondary forests in South America
(Schulz et al., 2010). In extreme cases, fire-promoted Acacia-dominated
savannas may be further threatened if fires become recurrent, leading to
barren landscapes eventually (Van de Wouw et al., 2011).

3.3. Effects on soil fauna and terrestrial biota biodiversity

Forest fires affect soil biota directly through impacts derived from
high temperatures, burning, or gases produced during combustion, as
well as indirectly as a result of secondary post-fire changes (Cochrane
et al.,, 1999; Neary et al., 2005). Although fires can eliminate every
living organism above a temperature threshold, the topsoil microbial
activity generally increases due to the rapid release of nutrients from
SOM (Fuentes-Ramirez et al., 2018). Nevertheless, belowground
changes on key ecosystem elements, e.g. mycorrhiza, will promote
different plant growth responses (Allen et al., 2003) and therefore,
community assemblage and succession during post-fire restoration.

While the type of disturbance affects the rate of change in the soil
community, it is also important to consider the scale, intensity, and
severity of such disturbance, as well as any potential vegetation
replacement (Allen et al., 2005). Although aboveground fauna is not as
physically constrained as plants or soil biota, they are affected by fire-
induced changes. For instance, changes in plant species composition
reduce large frugivores and other vertebrates, promoting a transition
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between primary forest specialists to species associated with second-
growth forests and other disturbed habitats (Barlow and Peres, 2006).
In non-adapted forest ecosystems of Southern Chile, fire reduces di-
versity and disrupt the assemblage of trophic networks of rodents
(Zaniga et al., 2021), carnivorous mammals (Ziniga et al., 2020), or
saproxylic beetles (Tello et al., 2020). Nevertheless, ecosystems with a
long history of fire disturbance are also exposed to fire consequences. In
the Serrano Forest in Argentina, high-severity fire regimes transformed
original forests into dense grasslands which resulted in a severe reduc-
tion in the species present (70%), and causing structural changes in the
avifauna community (Albanesi et al., 2014). Fire modified the commu-
nity composition of fruit-feeding butterflies in a South-eastern Amazon
Forest in Mato Grosso (Brazil) (de Andrade et al., 2017). Here, a single
fire event altered the community composition, increasing the presence
of drought-tolerant savanna specialists in contrast to forest specialists. In
the Ibera Natural Reserve, a mosaic of habitats in Northern Argentina,
high-intensity fires had a modest and short-lived negative effect on the
abundance of ant species with some functional groups being affected
(Calcaterra et al., 2014).

4. Soil protection and ecological restoration after wildfire
4.1. First steps in post-fire management

4.1.1. Preliminary damage assessment and local considerations

Following a wildfire, the early evaluation of SBS in soil and vegeta-
tion will condition restoration. Also, the estimation of erosion risk,
threatened resources, and prioritization of action areas complement the
set of immediate actions to be considered. Such needs will be further
refined considering local information like land-use history, environ-
mental context, restoration goals, and available resources, which should
all be clarified before any restoration effort (Holl and Aide, 2011; Ban-
nister et al., 2016).

The selection between active or passive/assisted restoration depends
on the balance between ecological needs and available resources. Urgent
intervention is often necessary in cases where of pronounced slopes,
high SBSs, and/or imminent rains threaten with the occurrence of
extremely high soil erosion rates. However, these interventions usually
represent costly operations, which are rarely budgeted for. Economic
investment in ER makes a difference in relatively short periods (Blignaut
and Aronson, 2020), but each intervention relies on evaluating the ne-
cessity and feasibility. Moreover, the level of intervention is often
questioned since ecosystems have the capacity for self-recovery (Chaz-
don and Guariguata, 2016). While passive restoration may be preferable
in many instances for ecological, practical and economic reasons, it is
mainly effective if soils have not been degraded, abiotic limitations are
not severe, or where biotic support is available.

4.1.2. Urgent interventions required to protect soil against erosion

Soil degradation and high erosion rates following wildfires, partic-
ularly if SBS is high, require urgent measures to protect soil against an
irreversible degradation that hampers ecosystem resilience and future
restoration efforts (Vega et al., 2013a). SBS can be assessed in situ by
visual indicators (Vega et al., 2013a), through remote sensing imagery
(Holden et al., 2010), or by analyzing field-collected samples through
elemental analysis coupled with isotope ratio mass spectrometry (EA-
IRMS), pyrolysis-gas chromatography coupled to mass spectrometry
(Py-GCMS), or nuclear magnetic resonance spectroscopy (NMR) (San-
toiemma, 2018; De la Rosa et al., 2019).

Mulching, erosion barriers, soil scarification, slash spreading, or
seeding exemplify urgent interventions to stabilize burned areas and
prevent or reduce fire adverse effects (USDA Forest Service, 2012; Vega
et al., 2013b; Ferreira et al., 2015). These urgent field interventions
generally start by preventing soil erosion and promoting the accumu-
lation of SOM (Alanis-Rodriguez et al., 2015). Emergency post-fire
erosion control is often reported alone, without an overall strategy
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that implements complementary ecological schemes. Precisely because
of its nature, emergency actions are not usually considered as part of
restoration, which requires a planned long-term vision. Consequently,
the scientific literature addressing the effects of rapid interventions on
restoration is not abundant in LAC.

4.2. Situation is stabilized. Now what? The basics of ecological
restoration

While in art disciplines restoration involves recapturing an object’s
aesthetic value, this concept has much broader implications in ecology.
ER can be defined as the process of assisting the recovery of an
ecosystem that has been degraded, damaged or destroyed, and returning
it to its historical trajectory (SER, 2004). In the last decades, we have
witnessed large efforts promoting and developing ER as a permanent
part of our conception of long-term sustainability (Aronson and Alex-
ander, 2013). This has led to the declaration of 2021-2030 as the Decade
on Ecosystem Restoration (United Nations, 2019), or to striking state-
ments claiming that “the future of the planet depends on the maturation
of ER” (Roberts et al., 2009).

From an intuitive point of view, ER represents the application of
ecological principles to restoration. Simple to enunciate, complex to
describe. ER aims to restore the structure, content and functioning of the
degraded ecosystem, not necessarily to its previous state but to the
fullest possible extent (Blignaut and Aronson, 2020). This is based on
principles that must be constantly adjusted according to the level of
disturbance and local conditions (Clewell and Aronson, 2013). On a
global scale, it seems clear that restoration in different biomes demands
different strategies (Clewell and Aronson, 2013). Nevertheless, recov-
ering forests is not just about planting trees. Indeed, our capability de-
pends on the understanding of local ecological processes, the analysis of
the potential for natural recovery, and foreseeing the outcomes of
different restoration options (Bannister, 2015). Then, based on available
information and after the identification of SBS, restoration efforts could
be theoretically implemented to return ecosystems to their normal
successional paths (Fig. 1).

4.3. Ecological restoration in LAC

In the last decades, the growing interest in restoring degraded eco-
systems -including those affected by fire- throughout LAC has signifi-
cantly increased the number of publications (Fig. 2). Furthermore, this
interest has led to the creation of restoration networks that promote
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research, exchange experiences, develop capacities and communicate
advances on ER as REPARA (Red Mexicana para la Restauracion
Ambiental), REDCRE (Red Colombiana de Restauracion Ecoldgica),
Restauremos Chile (Red Chilena de Restauracion Ecoldgica), REA (Red
de Restauracion Ecoldgica de la Argentina), SOBRADE (Sociedade Bra-
sileira de Recuperacion de areas degradadas), or international societies
as the SIACRE (Sociedad Ibero-Americana y del Caribe para la Restau-
racion Ecoldgica) (Echeverria et al., 2015).

Recent progress and innovations in national ER projects have been
compiled in Colombia (Murcia and Guariguata, 2014), Mexico (Calva-
Soto and Pavon Hernandez, 2018; Méndez-Toribio et al., 2018) or Chile
(Smith-Ramirez et al., 2015). Although these works pointed out that
efforts to protect natural values are increasing and ER is gaining atten-
tion, information concerning post-fire restoration is still scarce. In a
recent study, Mexican managers recognized fire as a limitation for ER,
but it was not identified as a disturbing agent in restoration projects
(Méndez-Toribio et al., 2018).

4.3.1. The importance of assessing fire ecological restoration in LACs

The presence of contrasting socio-economic realities, land degrada-
tion scenarios, or the existence of highly valuable pristine or semi-
pristine environments illustrate a different scenario for ER in LAC
compared to Europe or North America, where most restoration activities
are carried out (Armesto et al., 2007). The large area represented by LAC
forests (1/4 of the world’s forest area), the wide variety of biomes and
forest types covered in the Neotropic realm, the large pool of C stored,
the increasing perception of vulnerability to fires, and the need to pre-
serve community resources and maintain or promote ecosystem resil-
ience, justify the study of the current state of ER in LAC. As far as we
know, works summarizing ER in this vast and highly diverse region are
still absent. Therefore, we performed a literature search in SCOPUS,
Web of Science (WOS), and Google Scholar using the terms forest and fire
and restoration, and selected those articles based on the match between
title and abstract information and the subject of the study. A significant
proportion of information originated from 4 countries: Mexico, Brazil,
Chile, and Argentina, which accounted for over 80% of the papers
consulted.

We included works aimed at restoring (insofar as possible) the
characteristics of natural ecosystems (SER, 2004, Clewell and Aronson,
2013; Gann et al., 2019), collecting information on ER sensu stricto, but
also information on related aspects exploring the ecology of restoration.
Some initiatives were focused on returning ecosystems to pre-
disturbance conditions whereas others tried to restore specific

Perception of
degradation?**

Ecosystem evaluation,

- Ecosystem no I Decission on yes ecological trajector
resilience intervention? legacies and barriers for
~ A A restoration
| yes 0!
- Social demands [, * Setting goals
Level of disturbance 4
(events, intensity, [~"""TTT = -
severity, duration) Surrounding Alternatives states: | yes Funding
landscape agroforestry, silviculture available?
no - . no
Active or assisted |y
restoration v
transitional stage or | ves : Passive
. 7 9 <« Effective? < Monitoring }4 .
novel” ecosystem - restoration

Fig. 1. Schematic diagram representing factors conditioning the implementation of ecosystem restoration. The identification of factors and processes are partially
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Hobbs (2016).
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Fig. 2. Publications (n) on fire restoration based on the search in SCOPUS using the terms Fire AND forest AND restoration. The percentage of publications from LAC
countries has progressively increased in the last years, reaching its maximum (11.06%) for the 2015-2020 period.

attributes or ecosystem services and thus, would classify better as
rehabilitation (Table S1). Hence, single biophysical interventions as soil
amendment or tree transplantation can be hardly considered ER. How-
ever, interventions often are limited by economic funding, political
agenda or other aspects. As such, these actions can still be important
pieces of ongoing processes or larger projects. Therefore, we included
works that can be generally assigned to the family of restorative activ-
ities (Gann et al., 2019). Since it is important to separate restoration,
afforestation, or reforestation programs, we focused on the restoration
of native forest ecosystems excluding information on new stands or
single-species plantations.

4.4. Natural regeneration to allow ecological restoration.

For many of us, it is not uncommon to contemplate a degraded
landscape and think that something should be done to revert the situa-
tion. However, in the case of fire-affected landscapes, experiences show
that passive restoration may be as effective as active restoration, pro-
vided that soils are not severely affected (low SBSs) and present low
erosion risks (Holl and Aide, 2011; Crouzeilles et al., 2017). A recent
meta-analysis including 133 studies focused on restoration of tropical
forests suggested that the benefits of natural regeneration surpassed
active restoration for different biodiversity groups and vegetation
structure parameters (Crouzeilles et al., 2017). In fire-prone habitats, as
in pine-oak forests of the National Park Cumbres de Monterrey (Mexico),
passive recovery showed higher plant diversity than active restoration
(Alanis-Rodriguez et al., 2008), demonstrating that natural regeneration
can be rapid, obtaining similar pre-fire woody species composition after
60 years of plant succession (Gonzalez-Tagle et al., 2008). Fragments of
sclerophyllous forests dominated by Nothofagus glauca in central Chile
present a great post-fire regeneration potential (Litton and Santelices,
2002; Promis et al. 2019). However, woody species recruitment in
degraded areas where fires have been historically absent, as in tropical
mountain rainforests, can be strongly affected by vegetation and land-
use history (Palomeque et al., 2017).

The maintenance of forest remnants or fire refugia is critical to allow
natural ecosystem recovery. Appearing as individuals or small forest
patches, fire refugia promote re-population and ecosystem recovery.

Fire refugia are left unburned or get less affected by fire severity (or
frequency) than contiguous areas for several reasons, which include
topography, isolation, or vegetation composition (Meddens et al., 2018).
In the case of post-fire colonization of fire-sensitive trees, such as Aus-
trocedrus chilensis that occur in Chilean and Argentinian temperate for-
ests, the identification, protection, and maintenance of fire refugia is
crucial and should be prioritized for conservation. In the first steps of
colonization, light attenuation facilitates the survival and growth of
shade-tolerant species, as A. chilensis seedlings (Urretavizcaya et al.,
2017), allowing nearby tree recruitment and long-distance seed
dispersal (Landesmann and Morales, 2018). The preservation of fire
refugia is even more important in species with slow growth rates and
low regeneration capacity as Fitzroya cupressoides (Lara et al., 2008).
On a small scale, fire refugia are also of great importance due to their
capacity to improve microhabitat conditions. In a fragmented 50-year-
old post-fire successional area in the Valdivian and North-Patagonian
evergreen temperate forests, Albornoz et al. (2013) associated the in-
crease in plant richness and the abundance of woody species to the size
of remnant vegetation patches, suggesting higher tree regeneration
compared to open areas. Vegetation patches were progressively
expanding due to the modification of their immediate surroundings (e.
g., reduced waterlogging) that facilitate plant recruitment. Additionally,
the perch effect of large patches and higher trees enhanced bird-
mediated seed rain. Here, both facilitation and the perch effect seem
to act in combination to favor nucleation. Although fire refugia benefit
seed dispersal contributing to passive restoration (Holl and Aide, 2011),
forest recovery is especially difficult under harsh environmental condi-
tions (i.e., hot and dry microclimates) or in areas with frequent fires. In
tropical montane habitats of the Bolivian Andes (the altiplano), Lippok
et al. (2013) propose an oriented selection favoring certain species, such
as Myrsine coriacea (a bird-dispersed small-seeded forest species), that
facilitate forest recovery due to their ability for long-distance dispersion.
Fire refugia are also fundamental to maintain genetic diversity since
they act as reservoirs to preserve species variability. Although fires
reduce the size of plant populations, Céspedes et al. (2003) found high
levels of gene flow between separated populations of Swietenia macro-
phylla (big leaf mahogany) in successional post-fire sites in a moist
transition dry forest in Santa Rosa National Park (Costa Rica). To protect
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the endemic and threatened Austrocedrus forests (IUCN, 2010), Souto
et al. (2012) identified genetic patterns of diversity, inbreeding, and
divergence, indicating that Austrocedrus-dominated dryland forests of
northern Patagonia harbour genetic diversity and have the potential to
be relatively resilient to climate disturbances. In any case, even if fire
refugia are reduced to small patches or individuals, their preservation is
critical since their reproductive capacity may be intact (Torres and
Renison, 2017).

Remnant trees (alive or dead) can be maintained following a multi-
purpose vision that encompasses many aspects of restoration. Standing
Araucaria or Nothofagus individuals after a large fire event in the Tol-
huaca National Park (Araucania, Chile), serve as propagule sources,
shelter for native species establishment, barriers to protect biodiversity,
or fauna refugia (Gonzalez and Veblen, 2007). Besides the benefits of
maintaining living trees, other non-visual aspects are of key importance.
Remnant living trees serve as a source of propagule for fungal networks,
facilitating the establishment and growth of non-pioneer plants. Ban-
nister et al. (2020) argued that besides the increase of direct light and
the absence of shelter, the removal of standing vegetation eliminates
mycorrhiza, hindering nutrient uptake in an environment (Northern
Patagonia) where most soil nutrients are present in an organic form,
whose mineralization is greatly impaired by the naturally harsh envi-
ronmental conditions of the region. Finally, it should be noted that the
possibility of taking advantage of fire refugia in LAC is quite variable,
and greatly relates to the scale and heterogeneity of the ecosystem. Also,
contrasting land uses across regions limit the presence, and thus the
relevance of fire refugia in ER. For instance, extensive agriculture areas
replacing dry tropical forests in South-eastern Brazil have restricted
access to fire refugia (limiting the potential for passive restoration) in
contrast to patchy, small-scale forestry or agroforestry areas of Central
America.

Topography is another key factor that needs to be considered in the
restoration of heterogeneous habitats since environmental conditions
change rapidly with altitude favoring the presence of a greater variety of
ecosystems. Taking advantage of specific local conditions may benefit
the natural regeneration of the Atlantic Forest, a large area of special
conservation interest that contains high biodiversity and several
endemic species (Myers et al., 2000). Here, pronounced slopes, aspect,
low solar radiation, and proximity to forest fragments favour natural
regeneration, whereas the proximity to urban areas, roads, or highways
inhibits natural regeneration and increases the possibility of subsequent
wildfires (dos Santos et al., 2019). In the Cerrado, environmental fac-
tors, soil properties, and land use shape a wide (~2 x 10° km?) and
complex mosaic that range from open grasslands to scleromorphic for-
ests. Within this heterogeneity, stable formations from rocky outcrops
serving as plant refugia (the Cerrado rupestre) are particularly resilient to
fires in comparison with open areas (Gomes et al., 2014).

Elevation must be also considered in ER. Although it is generally
assumed that high temperatures favor rapid plant growth, Lippok et al.
(2013) indicated that forest recovery was facilitated with elevation.
They observed that species density increased with altitude, suggesting a
compensatory effect between the harsh microclimate conditions at
deforested sites (warmer and drier) with the temperature drop observed
with increasing elevation. These findings evidence that the relationship
between species traits (growth rate, shade tolerance, water re-
quirements) and elevation gradient (light irradiance, precipitation,
temperature) is fundamental, and influences the capacity of forest re-
covery in mountain ecosystems.

4.4.1. Someone does the work for us. Attracting seed dispersers

The maintenance of fire refugia or standing burned woody vegeta-
tion favors passive restoration by providing structural components that
attract frugivorous birds, therefore promoting seed dispersal during
early post-fire regeneration (Cavallero et al., 2013). The multipurpose
use of remnant Araucaria or Nothofagus trees mentioned above can also
serve to attract flying visitors increasing bird-mediated seed rain
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(Albornoz et al., 2013). Flying vertebrates act as seed dispersers for a
variety of fleshy-fruited broadleaf species from undisturbed cloud forest
patches into burned Pinus areas located nearby or even to less connected
patches in the Sierra de Manantlan Biosphere Reserve (Mexico), pro-
moting cloud-forest regeneration (Rost et al., 2015). An imaginative
approach consisted in the attraction of frugivorous bats from preserved
forests to burned areas (Preciado-Benitez et al., 2015). Using tropical
fruits as a reward, they increased frugivorous visits to degraded areas
and consequently seed raining, serving as an initial restoration strategy
that may be further complemented with more active interventions, such
as the planting of successional tree species.

After experimental burns in the south-eastern Amazonia, Paolucci et
al (2019) indicated that the lowland tapir (Tapirus terrestris) has the
potential to collaborate in natural forest regeneration by dispersing a
variety of seeds over long distances through disturbed forests. Probably
attracted by the presence of more palatable leaves and higher temper-
atures in open areas, the number of propagules (seeds per ha/year)
collected in tapir dungs from disturbed forest tripled those from undis-
turbed forest. Despite the potential capacity of herbivores as seed dis-
persers, the use of cattle is controversial since it is generally perceived as
a limitation for restoration, and grazing control is commonly imple-
mented to protect tree plantings and promote secondary forest recovery
(Weaver and Schwagerl, 2008). Nevertheless, in subtropical dry forests,
cattle can also eliminate grass competition and benefit tree recruitment
(Braasch et al., 2017) or serve as dispersal agents that help tropical
woody plant recovery (Miceli-Méndez et al., 2008).

4.5. Assisted / active restoration

While passive restoration may be adequate in some cases, fire
severity together with ecological (seed bank or propagules depletion,
SOM consumption, erosion rates) or environmental variables (changes
in regional climate, flood, or drought risk) may limit the capacity of the
ecosystem to naturally recover after fire. In these cases, passive resto-
ration may be insufficient, and so active interventions are necessary
(USDA Forest Service, 2012). Nevertheless, although passive and active
restoration are generally distinguished, the reality resembles more a
palette of colors where multiple shades are intermingled.

The use of remnant trees or nurse shrubs (passive restoration) as
facilitating agents in active restoration activities is well documented
(Castro et al. 2002; Gomez-Aparicio et al. 2004), also in LAC (Galindo
et al. 2017). Nurse plants modify their surroundings (Fig. 3), augment-
ing light interference, increasing water availability, and diminishing
grass competition, which is expected to benefit shade-tolerant species
more than pioneer ones (Galindo et al., 2017; Blanco-Garcia et al.,
2011). The establishment of nurse shrubs can serve to prevent fire
incidence in areas under ongoing restoration; in a fire occurred during a
subtropical dry forest restoration (Sierra Bermeja, Puerto Rico), San-
tiago-Garcia et al. (2008) registered lower immediate and delayed
mortality of functional groups in areas hosting nurse trees compared to
more open sites. This was probably due to differences in fuel load that
resulted in contrasting fire intensities.

After severe fire events, Bannister et al. (2013, 2020) compared the
responses and growth under different planting conditions of the
vulnerable and fire-sensitive Pilgerodendron uviferum - the Worlds
southernmost distributed conifer (Martinez, 1981; Bannister et al.,
2012). Two years after planting, tree seedlings suffered water stress in
open areas but tolerated humid conditions provided by nurse shrubs.
Beneath the protective canopy P. uviferum seedlings showed lower
mortality and higher shoot growth, foliar nutrients, and better photo-
synthetic performance than unsheltered seedlings (Bannister et al.,
2013). After 4 years of growth protected P. uviferum seedlings reached
higher lengths and showed a superior photosynthetic performance
(higher F,/Fp values) (Bannister et al., 2020). However, natural re-
covery might be insufficient to efficiently restore degraded areas, since
P. uviferum recruitment is limited by seed availability (Bannister et al.,
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Fig. 3. Simplified representation of aboveground and belowground benefits of using nurse shrubs in ecological restoration. Dotted circles represent the area of
shrub/tree influence (defined only for representation purposes). Continuous lines represent ecological processes. Dotted lines denote direct and indirect effects

produced by nurse establishment.

2013). A mixed strategy based on the complementary use of remnant
trees with the plantation of individuals in groups (cluster plantation)
would be preferable to restore P. uviferum forests in Northern Patagonia
(Bannister, 2015). Variations in water availability also conditioned
seedling establishment and growth of Austrocedrus chilensis, Nothofagus
pumilio, and N. dombeyi seedlings in fire-affected sites (Tercero-Bucardo
et al., 2007).

In the case of the shade-tolerant Abies religiosa in the Monarch But-
terfly Biosphere Reserve (Mexico), 5-year individuals significantly
increased survival rates from 18% to 72% when planted contiguously to
a native nurse species (Carbajal-Navarro et al. 2019). The successful
implementation of native and fire-sensitive species such as Nothofagus
pumilio or Fitzroya cupressoides has also been improved due to the
amelioration of site conditions e.g., the direct application of organic
amendments to create fertile islands (Varela et al., 2006, 2011) or from
more elaborated strategies. Isolated individuals can be mixed with
abiotic structures as shelters to ameliorate soil physicochemical condi-
tions and plant performance (Urretavizcaya and Defossé, 2013), also
protecting plants from grazing. After a fire event in the Torres del Paine
National Park (Chile), active restoration by planting N. pumilio in-
dividuals was constantly influenced by strong biotic and abiotic con-
straints, and it was shown that plant survival depended on nucleated
planting, protection against herbivores, and microsite facilitation (Vidal
et al 2015; Valenzuela et al., 2016, 2018). Microsite facilitation using
native shrubs or logs increased the survival rate and height of N. pumilio
seedlings, even in comparison with plants protected with polyethylene
shelters (Valenzuela et al., 2018). In temperate Argentinian forests
(Subantarctic or Patagonic-Andean forests), Urretavizcaya et al. (2018)
indicated that N. pumilio regeneration is highly constrained if protective
measures are not implemented. Several aspects considering Nothofagus
restoration projects (beyond post-fire restoration) across the Southern
hemisphere have been recently reviewed (van Galen et al., 2021). In the
Cerrado, Pellizzaro et al. (2017) selected a mixture of 75 species with
different lifeforms (trees, shrubs, and grasses) in different proportions
for a field experiment. After 2 years, >80% of the planted species were
observed in areas formerly dominated by invasive grasses.

Although often considered as a degraded state, the ability of second-
growth forests to provide ecosystem services is significant, but these fire-
prone structures attract less attention -in ecological terms- than old-
growth forests. Studying how different land-uses in the past affected
the recovery of vegetation structure, richness, and species composition

in a lowland Brazilian Atlantic Forest, Sansevero et al. (2017) indicated
that low values of vegetation recovery in the secondary forests suggested
a pattern of arrested succession related to the dominance of fire-resistant
species. Thus, they recommended interventions like enrichment plant-
ings, nucleation techniques, and assisted natural regeneration to accel-
erate forest restoration.

Ecologically-oriented proposals promoting forest transformation to
ecosystems more similar to the natural range of structural and compo-
sitional variability represent better options for increasing forest resil-
ience. In these cases, alternatives favoring the transition from secondary
to old-growth forests exist but mainly depend on species dominance
(Gonzalez et al., 2015). Here, it is important to pay attention to what
ecological attributes are selected to evaluate our knowledge of
ecosystem recovery. For instance, some old-growth forest attributes
(large trees) would be rapidly acquired in Nothofagus-dominated forests,
whereas other attributes (high diversity) would be acquired quickly in
mixed evergreen forests (Gonzalez et al., 2015).

4.6. Social aspects of restoration

4.6.1. The social challenge of postfire restoration actions in LAC

A good understanding of the ecological and technical aspects of fire
is necessary but social aspects of fire restoration -and restoration in
general- are less explored. The social relevance of forests in LAC is
paradigmatic and so are the actions aimed to restore them. This
importance is perfectly exemplified in South America where a signifi-
cant proportion of total forest area (>20% vs 7% rest of the world) is
designated primarily for social services (FAO-Global Forest Resources
Assessment, 2020). Consequently, most ER projects in LAC are framed in
the social dimension (Ceccon and Martinez-Garza, 2016) and thus,
developing initiatives to effectively address the complex nature of
restoration should include socioeconomic aspects to fulfill stakeholder
needs, integrating multidisciplinarity into the restoration experience,
and consider the diversification of subjects and capabilities (Bloomfield
et al., 2019). To this end, acquiring a deep knowledge of the socio-
ecological context where forest fires occur is essential not only in
terms of biological conservation or sustainable forestry operations but to
design locally adapted, effective management practices (Jardel et al.,
2006; Blignaut and Aronson, 2020). Cooperation and community
engagement are fundamental since respect and appreciation for eco-
systems are linked to the degree of participation in decision-making
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processes and restoration activities (Clewell and Aronson, 2013). At this
point, communication becomes crucial, and it is important to create a
profound narrative with society, one that articulates and ideally cul-
minates in a collective vision based on local values (Blignaut and
Aronson, 2020). This statement becomes even more powerful in the LAC
context, since all along the territory different cultures and communities
are closely tied to the land.

4.6.2. Restored areas as centers for education

In many cases, fires represent only a part of the community problem.
In general, a variable and ad hoc mixture of human disturbances
including browsing, ranching, agriculture, timber extraction, or hunting
lead to different degrees of ecosystem degradation. Conservation is a key
strategy in protected areas, and few initiatives illustrate this better than
the Guanacaste Conservation Area (ACG) in north-western Costa Rica.
This community developed a powerful tool for the conservation of
natural resources in the long term: the development of biocultural
restoration (Cruz and Segura, 2010). Spanning over 30 years, biocultural
restoration focuses on the younger generations (ages from 9 to 12) as
heirs of the ability to decide on future environmental issues. Based on
immersive in situ bioliteracy, the goal of biocultural restoration is to
change younger community attitudes toward natural resources: from the
restoration of dry/rain forest occupied by pastures of invasive species,
through fire suppression, to understand ecological concepts and
different processes of forest succession.

Recovered areas can also serve as educative places. Restored Fitzroya
cupressoides areas in temperate forests of Chile serve as an important
source for education and diffusion of concepts and possibilities of ER
(Lara et al., 2008). Also, as an intermediate step between ER and social
participation experience, Carrasco et al. (2019) carried out a partici-
patory approach to recover postfire soil health by using organic
amendments combined with the small-scale implementation of native
trees and also an educational program focused on involving students in
restoration. Functioning also as an investment in fire prevention, the
social participation and citizen involvement may not only reduce fire
occurrence and therefore damage, but also the usually high costs asso-
ciated with fire extinction operations (Monroe et al., 2016).

4.6.3. Restoration and fire regulation to reduce fire risks and increase
ecosystem resilience

A fact that has been highlighted throughout these lines is the distinct
responses of fire-sensitive and fire-prone ecosystems. Despite the dif-
ferences in species composition, humidity, fuel types, fire behavior,
community resilience, recovering times, etc. With some exceptions
(Mistry et al., 2016), and up until recently, fire management has mainly
followed the same recipe for all ecosystems: fire exclusion. But this trend
has been changing for some years now. Some classical fire control
measures are no longer perceived as beneficial, or at least they are not
deemed as being applicable in all cases. Although inherent to some
ecosystems, a large part of the society still perceives fire as a natural
menace. Consequently, fire exclusion has been used as a preventive tool
in many regions during the last century, largely following the US
example. From the ER perspective, fire exclusion can be considered
negative in functional terms, as it interferes with the long-term dy-
namics of fire-adapted habitats. Indeed, fire clearing helps to maintain
different vegetation types and habitats in fire-prone ecosystems
(Rodriguez-Trejo and Myers, 2010). However, the general perception
has started to change, and forest fire regulation is moving from sup-
pression to integrated management, incorporating ecological and social
considerations (Jardel et al., 2006; Pérez-Salicrup et al., 2020; Martinez-
Torres et al., 2018).

Fire management strategies must be consistent with habitat regen-
eration patterns but should also integrate the empirical knowledge of
local populations (Pérez-Salicrup et al., 2020). Incorporating traditional
ecological knowledge (TEK) or local ecological knowledge (LEK), like the
use of prescribed fires into current management practices offers
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important ecological insights, but also key knowledge that can greatly
help ER (Gann et al., 2019). Traditional fire management represents a
good example of an approach that promotes the association between
indigenous and non-indigenous institutions to share and implement an
understanding of cultural burning practices (Mistry et al., 2016). In turn,
these bottom-up fire management approaches also benefit from the ex-
change of information and improve cultural connections since its
effectiveness relies on a socioecological system where knowledge, cul-
ture, and community livelihood are intimately interconnected with
landscape management (Mistry et al., 2016). Notwithstanding the ben-
efits, the diverse epistemologies of different TEK systems limits its
implementation, and thus, it is necessary to validate their diversity into
policy and management processes (Guerrero-Gatica et al., 2020).

La Sepultura Biosphere Reserve (Mexico) represents a highly diverse
forest reserve, amalgamating different cloud, tropical and pine-oak
forests, where communal lands and private property comprise 95% of
the reserve. Here, local communities (ejidos) use prescribed fire. With
restricted use of forest resources, community participation in fire man-
agement provides a basis for sustainable forestry and environmental
services payments (ESPs), reciprocally promoting community welfare
and fire protection (Huffman, 2010). Working together, communities
and researchers generated an integrated a fire management plan
combining the traditional use of fire to maintain both natural pine forest
dynamics and local livelihoods. Thus, prescribed fires had a multipur-
pose objective: reduce hazardous fuels, remove vegetation to favor Pinus
regeneration, improve grass forage quality, and train younger commu-
nity members. Learnings from this project served to create guides to
implement prescribed-fire projects, and most importantly, this work
contributed to the approval of a National Strategy for Fire Protection
and Fire Management. The extended thought and stereotypes of forest
fires caused by rural communities are increasingly perceived as
mistaken since many communities use fire wisely (Rodriguez-Trejo
etal., 2011), e.g., La Sepultura farmers consider 40 variables when they
use fire (Huffman 2010).

4.6.4. Agroforestry and silviculture practices in burned and fire-prone areas

Agroforestry and silviculture can be distinguished from restoration
activities since these practices balance the recovery of ecosystem
structure, content, and function with the provision of ecosystem ser-
vices. Agroforestry or silviculture can be seen as a functional approach
itself (Holl and Aide, 2011), but also as transitional stages between
degraded and restored forests (Bannister et al., 2016). In both cases,
these alternatives are based on the partial recovery, focused on
enhancing ecosystem functioning with a socio-ecological perspective
(Gann et al., 2019), often neglected in restoration attempts (Wortley
et al., 2013). The design of silvicultural systems that integrate economic
and ecological objectives requires a comprehensive vision of develop-
ment patterns, including the role of disturbances, biological legacies,
and their influence on species ecological responses (Gonzalez et al.,
2015). Rehabilitation using agroforestry practices may be more complex
and difficult in areas subject to excessive and intense fire cycles, where
secondary forests decrease their ability to recover original C stocks
within average return intervals (Villa et al., 2015).

Agroforestry practices can be specially recommended when residual
forests remain fragmented and isolated, as it occurs in Atlantic Forest
patches in Brazil (Cullen et al., 2001). Here, diversified agroforestry
belts would function as buffer zones protecting forest fragments,
reducing the edge effect in the transition zone between forest and open
areas. Enriching buffering zones with economically valuable trees and
crop species represent both ecologically viable and socially acceptable
options for conserving regional biodiversity (Cullen et al., 2001).
Furthermore, restoration based on the balance between forest biodi-
versity and community well-being could be economically sustained
through the development of biodiversity-based products (Nobre et al.,
2016). Here, TEK and LEK are fundamental to improve species selection
and thereby increasing the success of forest restoration efforts (Fremout
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et al., 2021). Participatory workshops that included farmers, local for-
esters, and agricultural professionals defined a list of native species for a
mixed restoration experience in the Hidalgo State (Mexico) (Santana
et al., 2011). Selected species, classified into catalyst (species that favor
conditions for regeneration or succession) and endangered species (spe-
cies with reduced populations, at risk of extinction or having protected
status) were combined in a multi-scale and diversified approach creating
separate systems (i) management of natural regeneration, (ii) forest
plantations, (iii) enrichment plantings, (iv) stream restoration, and (v)
agroforestry systems.

In this sense, it is worth noting that community willingness to restore
its forest diversity may be associated with the benefits obtained from
native plants (timber, food, ornamental, cultural). Thus, tropical forest
communities may have a greater predisposition (due to the large di-
versity and species usage), while temperate forest communities (where
timber resources are more important) might be more inclined to select
species for monoculture plantations. However, there are also cases, like
in the Chilean Mediterranean sclerophyllous woodlands that are domi-
nated by native plants that provide scarce and local benefits (e.g. coal,
firewood, honey), where rural communities encourage restoration even
without public financial support (Smith-Ramirez et al., 2019).

Traditional agroforestry practices, such as those supported by the
Lacandon community in Chiapas (Mexico), facilitate forest regeneration
by helping overcome barriers to secondary succession and avoid arres-
ted succession (Falkowski et al., 2020). Considered as a sustainable form
of tropical forest restoration management, sustainable activities of the
Lacandons mainly consist of recurrent cycles of short milpa cultivation
(3-5 years) followed by prescribed fire and habitat restoration. Resto-
ration is mainly based on the maintenance of crucial tree species in
combination with active planting after burning. Although fires are
human-induced and controlled, fundamental stand variables like canopy
cover, leaf litter or stand basal area, reached similar values to those
observed in mature forests over a period of 10-20 years after burning.

5. Constraints to ecological restoration

When confronting the reality of a landscape affected by fire, it is
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important to elucidate to which extent restoration is possible, and
particularly the meaningfulness of recovery strategies and actions set to
reverse ecological degradation to avoid only focusing on those that are
typically based on returning ecosystems to a formed, often idealized
state. Factors such as the level of ecosystem degradation and resilience,
the balance between conservation and human intervention, cost-
analysis of intervention or potential alternative uses should be consid-
ered. Moreover, returning dynamic systems to historical pre-conditions
may not lead to effective conservation strategies. A good example is
exemplified in the rainforest-dry forest border of the Amazonia where
anthropic deforestation, temperature increase, and predictive models
suggest an upcoming transformation of vast rainforest areas (IPCC,
2014). Emerging post-fire ecosystems may require strategies that
consider historical and novel landscapes that seek to enhance the
adaptive capacity of ecosystems and their inhabitants, facilitating con-
nectivity and management, with emphasis on functional integrity rather
than species (Barnosky et al., 2017). In the last years, several studies
pointed out similar necessities and limitations for ER (Smith-Ramirez
etal., 2015; EFTEC et al. 2017; Fisher et al., 2019; Cortina-Segarra et al.,
2021) (Fig. 4).

5.1. Environmental limitations. Abiotic and biotic factors limiting
restoration

Besides the direct impacts caused by wildfires, ER will be also
influenced by the progressive variation in local environmental condi-
tions, including water regimes, temperature, insolation, etc. Ecological
succession can transform degraded forest stands into secondary forests.
It is particularly challenging to design restoration strategies, which
strongly rely on the establishment of target vegetation in areas consid-
ered transition zones (such as moist forest-dry forest or open Cerrado-
close Cerrado interfaces) that are characterized by heterogeneous and
alternative states. The Cerrado represents a perfect example of a com-
plex mosaic of habitats where species selection is a priority since the
identification of the target ecosystem is difficult (Schmidt et al., 2019).
Here, the use of conceptual models considering alternative states
together with causes and constraints to transitions, known as state-and-
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transition models (STMs) can be useful. Peinetti et al. (2018) defined
different states and transitions for Caldenal forests (Argentina), each one
with different recommendations (using decision trees) indicating that
effective restoration would require a combination of different strategies,
emphasizing the importance of adapted management rather than
interventions.

When planning post-fire restoration, the level of necessary inter-
vention needs to be carefully considered. The different aspects to ponder
include the extent to which plant cover should be maintained, imple-
mented or removed before restoration, and how to manage dead trees.
The ecological outcome of interventions like salvage logging may in
some cases yield unpredictable results since its effectiveness depends on
variables that heavily interact with disturbance (wildfire) effects.
Furthermore, notwithstanding some experiences reported in Australia,
there is limited information on previous experiences in the Southern
hemisphere (Leverkus et al., 2018). Logging or excessive site prepara-
tion after fire may undermine the potential for natural restoration by
increasing soil erosion and compaction, increasing light incidence and
surface soil temperature, as these may negatively impact the trajectory
of natural regeneration or ecological processes (Gonzalez and Veblen,
2007; Carbajal-Navarro et al. 2019). Therefore, preserving standing
living trees for soil and seedling protection, as well as for the provision of
complementary functions is highly recommended (Castro et al., 2011;
Urretavizcaya and Defossé, 2019).

The presence of invasive alien plants (IAPs) represents a major cause
for concern when considering ER. IAPs are capable of causing further
ecosystem degradation (Brooks et al. 2004), to the extent that the
magnitude and variety of their potential impacts leads to the consider-
ation of IAPs as a major constraint for ER. A survey between project
managers highlighted that > 20% of the projects identified the presence
of invasive species as a limiting factor for restoration in Mexico
(Méndez-Toribio et al., 2018). Their presence often alters the assem-
blage of natural communities generating positive feedbacks with fire
regimes, perpetuating and increasing fire pressure on ecosystems
already degraded (Brooks et al. 2004; Mandle et al., 2011). Post-fire
increase of IAPs has been reported throughout different LAC biomes
including tropical, Mediterranean, temperate, and cold ecosystems
(Garcia et al. 2015; Gallegos et al., 2015, 2016; Silvério et al., 2013;
Gomez-Gonzalez et al. 2017; Urrutia-Estrada et al. 2018; Paula and
Labbé, 2019). Many dominant IAPs in LAC as Bromus spp, Pinus spp.,
Cytisus spp. Ulex spp. are highly flammable and thus capable of pro-
moting fire spread (Speziale et al., 2014; Garcia et al., 2015; Cobar-
Carranza et al., 2014; Altamirano et al., 2016; Paritsis et al., 2018) and
increasing the probability of frequent wildfires (Taylor et al., 2017;
Paritsis et al., 2018). Moreover, fire can directly favor the presence of
IAPs, as their intrinsic and extrinsic fuel properties increase flamma-
bility and fire frequency in many ecosystems, altering fire regimes, and
replacing native plants or animals (Franzese et al., 2017; Paritsis et al.,
2018).

Fragments of well-preserved natural forests in Central Chile are more
resistant to invasion, especially by Pinus radiata (Bustamante et al.,
2003, Gomez et al.,, 2011). Forest degradation by fire increases the
probability of invasion, hindering restoration and favoring the spread of
future fires. Although wildfire origin is not necessarily related to the
presence of IAPs, fire impact (spread, intensity, and severity) can be
enhanced by its presence. Reciprocally, frequent fires benefit IAPs
creating positive feedbacks which might lead to rapid and permanent
ecosystem modifications (Brooks et al., 2004; Contreras et al., 2011).

In this sense, ER becomes essential to recover forest functioning,
limit the expansion of IAPs and serve as a preventive measure against
new fires. It is worth noting that fire (prescribed fire) is used to manage
IAPs (Weidlich et al., 2020), e.g., for Pinus control (Nunez et al., 2017) or
to limit the escape and invasion of Eucalyptus (Toledo et al., 2020).
However, prescribed fire in LAC should be carefully considered if IAPs
originate from fire-prone areas or with species that can be considered
fire promoters as Pinus (Holmes et al., 2000; Kremer et al., 2014), Teline
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or Cytisus (Alexander and D’Antonio, 2003; Pauchard et al., 2008), and
Ulex (Johnson, 2001), due to their rapid post-fire response and the
consequences on vegetation recovery.

5.2. Technical/management factors

Soil monitoring represents a pending task for ER in LAC. While pri-
ority is mainly placed on attaining a rapid vegetation recovery, the
monitoring of soil physicochemical parameters during post-fire resto-
ration is limited, and hence, our understanding of ER dynamics remains
incomplete. In this sense, the lack of information regarding the initial
state of degraded ecosystems or SBS hampers the interpretation of
restoration outcomes; it becomes difficult to distinguish whether the
success of restoration is due to the intervention or to a low level of soil
degradation.

Soil communities are generally overlooked in ER, which explains the
limited information available about its post-fire condition or recovery.
This lack of information is counterproductive, as soil microbial com-
munities are first receptors of fire effects, and also serve as facilitators
for ER. Fire is responsible for large soil disturbances, but it is important
to consider the scale, severity, and vegetation replacement to evaluate
the potential of remaining soil communities for ER (e.g. mycorrhiza).
Although plant diversity increases as well as mycorrhizal diversity does
(van der Heijden et al., 1998), and positive results (in terms of plant
growth, nutrient mobilization) have been reported (Allen et al., 2003,
2005; Scotti and Correa, 2004; Aguirre-Monroy et al., 2019), a regular,
purposedly use of symbiotic organisms is limited in ER. In fact, despite
the importance of ectomycorrhiza (EM) for tree establishment (e.g.
species of Nothofagus in temperate forests), some authors pointed out the
limited research evaluating EM inoculation for postfire restoration
(Policelli et al., 2020) or restoration of degraded areas in general (van
Galen et al., 2021). There are incipient efforts to characterize postfire
soil communities in the case of Araucaria araucana (Chavez et al., 2020).

It is also necessary to emphasize that restoration -either active or
assisted- depends on the supply of plant material or the nursing capacity.
Restoration using appropriate species and genetic material adapted to
local conditions that reproduce the target ecosystem is crucial (Gann
etal., 2019). The poor quality and low supply of native species is a major
bottleneck for natural forest restoration in Chile (probably extensive to
other regions), highlighting the importance of providing sufficient (and
adequate) plan material to fulfill restoration demands (Bannister et al.,
2018; Leon-Lobos et al. 2020, Acevedo et al. 2021). Although some
progress has been made, regions differ in their capacity to satisfy seed-
ling demand for restoration. In Brazil, Moreira da Silva et al. (2017)
indicated that regions or biomes where restoration has more tradition (e.
g. Atlantic Forest) have higher nursing capacity, whereas the potential to
provide plant material for ER in other relevant biomes (Amazon, Caa-
tinga, Cerrado) is far more limited. Consequently, reduced seedling
availability and the lack of adequate and adapted species may aggravate
species mismatch between nursery-grown plants and the floristic
composition of the target ecosystem. Exploring the capacity of Chilean
nurseries, Acevedo et al. (2021) indicated a low production capacity,
poor seedling quality, and inadequate training of nursery managers as
fundamental barriers that delay restoration timelines and biodiversity
goals. Far from pessimism and despite the evident limitations, these
authors foresee the possibility of increasing forest restoration by
generating a new economic activity for rural economies. Nevertheless,
they call for governmental policies that incentivize nursery as an eco-
nomic activity with the contribution of science-based information (e.g.
developing cultivation standards for native species). Nevertheless, even
if plant material is available, it should be used efficiently; some authors
identify the necessity of trained professionals as a key limitation for ER
in LAC (Smith-Ramirez et al., 2015).
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5.3. The socio-economic challenge of restoration in LAC

The future of ER will be social or it will not be. Behind these words
emerges one of the fundamental precepts of the Society for Ecological
Restoration (SER) principles (SER, 2004; Gann et al., 2019): ER supports
processes that improve human wellbeing and development at the indi-
vidual, community, and regional level. In this sense, local communities
generally identified fires as a major cause of forest degradation (Santana
et al., 2011) but there is no unique formula to engage local needs and
recovery demands. While technical solutions to overcome barriers for
ER are abundant, the development of policy strategies to promote sus-
tainable forest management and restoration is insufficient (Peinetti
et al., 2019). In some cases, the disconnection between regulatory de-
cision centers and the necessities of execution sites aggravates the sit-
uation (Sorrensen, 2009). Even when social inputs are required, the
participation of local governments in ER programs is complex due to the
general lack of long-term working plans (Santana et al., 2011), espe-
cially under administrations with low environmental sensitivity (Liz-
undia-Loiola, 2020)

Traditional communities have little power on the decision-making
concerning the exploitation of their natural resources, and the legal
framework imposes certain limitations on their uses (Pineda-Lopez
et al., 2015). The lack of mechanisms to generate a collaborative envi-
ronment among stakeholders is part of the problem. Therefore, partici-
patory approaches are fundamental to allow information exchange and
to identify constraints for implementing decisions that would increase
opportunities for further scientific research and cooperation (Santana
et al.,, 2011). In many cases, stakeholders (communities, experts, gov-
ernment managers) have different perceptions of what the restoration
priorities should be (Castillo et al., 2021). Also, ecological aspects of
restoration eventually conflict with socioeconomic issues (necessities
and interests of different stakeholders) at the local level, representing a
barrier for ER in LAC, but also in other countries (Fisher et al. 2019). For
instance, urgent restoration measures are often complemented with
logging or salvage logging to recover economic losses or assisting
ecosystem recovery. Logging is used in the postfire management of
Austrocedrus chilensis due to its high-quality timber, but tree survival
significantly improves (from 10% to 90% in naturally restored areas) if
logging is excluded (Urretavizcaya and Defossé, 2019).

The lack of financial resources is a fundamental limitation for the
implementation of ER projects. Compared to other countries, LAC gov-
ernments typically allocate fewer resources to restoration since many
countries in the region are financially constrained. Often, the mosaic of
the economic reality across the region, close community-land ties, social
fragmentation, or the necessity for regular incomes, place strict limits on
planning and execution costs of ER projects. Here, performing specific
actions such as robust cost-effective analyses of restoration (Moran
et al., 2010) and the implementation of projects with limited interven-
tion and a strong base on natural restoration (Armesto et al., 2007) is
particularly relevant.

The problem of IAPs has also an evident economic dimension. In this
case, the economic costs (staff, machinery) are generally high but it will
depend on the species and the difficulty of its management, especially if
the invaded area exceeds a certain size (Nunez et al., 2017). In such
cases, priority should be given to those areas with the highest intrinsic
value.

The public origin of the invested funds may also represent another
socio-economic limitation (inefficiency, distrust, corruption) for ER
(Ceccon and Martinez-Garza, 2016). Culturally, ER strengthens com-
munities, institutions, and interpersonal relationships by participation
in a common pursuit (Clewell and Aronson, 2013), but this objective is
hindered if land ownership is too concentrated or excessively frag-
mented. Strengthening community skills and tools for land management
(e.g., creating communal native forests in abandoned lands) may
simplify the allocation of subsidies while simultaneously improving the
social perception of the use and proper management of public funds
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(Smith-Ramirez et al., 2019). Limitations derived from private land
ownership are exemplified in ER actions conducted in Chile. In this
country, post-fire restoration actions represent almost half (44%) of the
total restoration projects reported. However, nearly 3/4 of registered
post-fire restorations (73%) were carried out by private forestry com-
panies (https://gis.mma.gob.cl/portal/home, accessed 22/05/2020).
This case exemplifies the priority of restoring certain areas because of
their high production and high economic return.

6. Future perspectives

The future of post-fire restoration, and restoration in general, is
uncertain but essential information can be learned from recent resto-
ration experiences (Ockendon et al., 2018). While most of those learn-
ings may be applied in LAC forest ecosystems (Fig. 5), it is imperative to
identify the main potential limitations for ER in such diverse and vast
region.

Promoting collaborative actions: expertise sharing, co-financing, and
co-development should be stimulated between regions to increase the
effectiveness of policy and restoration practices. This aspect is particu-
larly relevant in the LAC context, where south-south cooperation is
fundamental (Gann et al., 2019). However, the reinforcement of ER also
requires information to be more openly shared. Therefore, decisive ef-
forts are needed to overcome political boundaries and share geospatial
data to understand patterns and processes of ecological, hydrologic, and
socio-cultural systems (Villarreal et al., 2019). In this sense, remote data
acquisition represents a rapid, powerful, and reliable tool to estimate
fire potential based on fuel characteristics (Pettinari et al., 2014),
analyze fire occurrence and severity (Lizundia-Loiola et al., 2020),
model forest dynamics and vegetation recovery (Cantarello et al., 2011;
Santana et al., 2020b), or monitoring IAPs (Kattenborn et al., 2019). The
acquisition of near-to-remote data using phenocams that complement
satellite and field observations is also gaining attention to monitor plant
phenology at high temporal resolutions (Alberton et al., 2017). This type
of novel, low-cost technology also contribute to establish e-Science
research bringing together classic researchers (e.g., those conducting
field- or lab-based research) and computer scientists, while also allows
for the incorporation of society into collaborative scientific networks
(Alberton et al., 2017).

Celebrate and protect the uniqueness of LAC ecosystems: strengthening
the science of restoration in LAC is fundamental (Armesto et al., 2007),
but it is also critical that the region has its own, adapted narrative. This
aspect is particularly relevant when considering that the inherent dif-
ficulty to quantify the long-term benefits of ER is mostly ignored, under-
estimated or explicitly discounted, while the measurable costs are
typically accounted in full (Blignaut and Aronson, 2020). Restoration
benefits are complex to evaluate since natural capital has been tradi-
tionally ignored but the value of ecosystem services is progressively
increasing (Costanza et al., 2014; Kubiszewski et al., 2020). The devel-
opment of innovative applications based on TEK and LEK, including
Living Labs and business nests, appears to empower local populations
and preserve ecosystems. Attaining sustainable solutions from tradi-
tional assets, as it occurs in the Cofre de Perote National Park (Mexico)
can be used as a successful example. As it is the case in other protected
areas elsewhere, productive activities in the NP are prohibited. Here,
forest resource-management activities are limited to pruning Abies reli-
giosa both to prevent forest fires and manufacture Christmas wreaths
(Pineda-Lopez et al., 2015). Branch logging has ecological and economic
implications (i.e. while reducing the fuel load, it also complements
familiar economy, promotes the park, increases the social attention and
the possibility of attracting further funding).

It is necessary the establishment of a common regulatory framework
that allow for the development of national policies that may promote
and financially support ER at different scales (Smith-Ramirez et al.,
2015). However, despite some recent advances in restoration policies,
only 4 countries in LAC (Colombia, Brazil, Ecuador and Guatemala)
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have developed national restoration plans (Toribio et al., 2017).
Restoration guidelines appear once the concern on environmental
degradation struck deep into society and the lack of regulation is
symptomatic of low societal awareness. This ultimately results in a
systemic lack of funds to conduct ER activities across LAC.

Improving social responsibility and private participation in ER: In a
geographical context where corporations exploiting natural resources
are of outstanding relevance, it is imperative to increase demands for
corporate social responsibility through different tools such as public-
private partnerships, the payment for ecosystem services or compensa-
tion mechanisms for ER. Companies should understand that partici-
pating in environmental remediation processes have global benefits for
all of us, and realize that these can also report individual benefits in
terms of corporate image. Fiscal recovery policies, including restoration
of C-rich habitats represent natural capital investments that offer high
economic multipliers and represent positive impacts on climate (Hep-
burn et al., 2020). In Chile, CONAF (the National Forestry Corporation)
offers economic incentives (subsidies) for native forest restoration or by
activities that favour its regeneration (CONAF, 2015). While offering
compensatory approaches might be of some interest in those cases
where economic losses can be easily quantified, these actions are less
tangible when it comes to assigning value to complex concepts such as
biodiversity. Moreover, profit-driven approaches should be carefully
adopted since they could lead towards a simplistic commoditization of
environmental values.

Strengthen monitoring and the effectiveness of restoration: As mentioned
above, the lack of funding (public or private) is one of the main limi-
tations of ER. But in addition to the initial economic effort, the lack of
funding translates into a lack of monitoring of the restoration progress.
In many cases, restoration actions/programs are based on the plantation
of propagules, but little concern is given on what happens to the future
individuals, resulting in high mortality rates, and consequently, in the
low efficiency of invested funds. To this end, more effective and precise
schemes that maximize its efficiency are necessary. Also, the imple-
mentation of ER projects that are based on cost-effective analyses,
reducing the level of intervention, and focus on natural restoration,
become essential. If funds are limited, the efficiency in its management
should be a priority.

Recognizing and promoting the real value of ecological restoration:
restoration has been traditionally considered an aesthetic sink for
economy, unable to supply added value and return to society, and also
conflicting with job creation (Bezdek et al., 2008). However, reality is
far from that misperception. Restoration represents an emerging niche
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for sustainable economic development, offering opportunities for local
stakeholders, and capable of creating positive ecological and economic
feedback loops (Gann et al., 2019). Activities related to ER differ from
those associated with the economic sector, but it is gaining increasing
attention within the green economy (BenDor et al., 2015), creating more
jobs per million invested than other traditional activities (Jaeger et al.,
2021), and with an economic output and employment rates that can be
measured (Bezdek et al., 2008; BenDor et al., 2015).

Take advantage of the current positive context: Although limitations for
ER are still considerable, a time of opportunities is coming and resto-
ration possibilities in LACs are likely to multiply in the coming decades
(Armesto et al., 2007). More than ever, society is increasingly conscious
of environmental problems, demanding actions to reduce GHG emis-
sions and to recover forest landscapes that increase natural sinks and C
lost during fires (Bertolin et al., 2015). In this sense, LAC initiatives
could benefit from ongoing environmental agendas. International calls
such as the UN Convention on Biological Diversity (CBD, 2014) or the
upcoming Decade on Ecosystem Restoration are forcing regulation,
increasing project demand and generating funding opportunities.
Although the legal framework was already existent, the EU has recently
launched the EU Biodiversity Strategy for 2030 (EC, European Com-
mission, 2020), especially focusing on the restoration of degraded eco-
systems. National plans can be the basis for policy regulations and may
be used to create financial instruments and regulatory mechanisms that
include fiscal incentives such as taxes, permits and subsidies, donor or
government grants, and the payment for environmental services
(Méndez-Toribio et al., 2017). Environmental services payment (ESP)
encompasses initiatives for sustainable management and the ecological
recovery of publicly owned land and forests, involving land inhabitants
whose economic activities and necessities are duly considered (Kerr
et al., 2014).

Education and training as a pillar for restoration: proper implementa-
tion of ER is impossible without restorers and there is an urgent need for
trained professionals and scientists that design and monitor effective
restoration activities (Smith-Ramirez et al., 2015). Both environmental
(restoration) and societal (employment) needs converge at this point,
creating a niche that will engage social work and scientific research. In
this line, educational experiences may be the basis for collaborative
effort between multidisciplinary academic teams and stakeholders to
identify common strategies promoting effective environmental protec-
tion measures adapted to the local socio-economic reality. Educational
projects that consider student and stakeholder collaboration in resto-
ration based on the Service-Learning methodology (S-L) (Souza-Alonso,
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under elaboration) represent a promising path to explore. Besides resto-
ration targets, S-L projects also ensure a direct benefit (learning) to those
involved. Based on its demonstrated potential, restoration activities
based on S-L projects should be considered as viable options within the
wider choice of ER approaches that can be adopted in the coming de-
cades (Cortina-Segarra et al., 2021).

7. Conclusions

While ER is essential in post-fire recovery and provides us with tools
to transform our society based on principles such as social justice, eq-
uity, and respect for environmental values, our biggest challenge is to
detect and understand the human drivers of wildfires and their intricate
relationships; under the umbrella of climate change, anthropogenic
factors such as extensive cattle ranching, forestry plantations and log-
ging, inadequate fire management, market pressure, land speculation,
and fragile governance interact with wildfires occurrence and severity.
In many cases, land-use changes still represent the major force behind
these fires, and without recognition, interest, or economic disincentives
to landowners, the situation will continue. Following different interna-
tional initiatives, we encourage practitioners, researchers, and those
interested in ER to join efforts in identifying the major barriers for post-
fire restoration in LAC.

Unquestionably, there is still great uncertainty on the different as-
pects related to forest restoration after wildfires: the identification of
post-fire soil severity, the selection of the most suitable intervention, the
chronical lack of funds and appropriate regulation, the limited social
awareness, the interaction between traditional and modern knowledge,
the provision of land management tools that reconcile sustainable land
use and human welfare, the extent to which climate change will impact
environmental conditions, or the increasing presence of IAPs. The
recognition of fire as a basic element of many ecosystems and the
consequent distinction between fire-sensitive and fire-prone systems,
becomes also fundamental to make appropriate decisions on restoration.
These aspects and their interactions represent consistent limitations for
ER, and nearly all of them are exemplified in the paradigmatic case of
the Amazonian rainforest. However, we now have a better under-
standing of the causes and effects of wildfires, and a growing awareness
on the importance of forest conservation and recovery.

Compared to other regions, LAC still has a vast area of natural forests
with great potential for post-fire recovery. While different strategies
have been adapted from regions where ER has a solid and stable tra-
jectory, the variety and uniqueness of the different biomes and ecosys-
tems in LAC demand unique restoration actions and should become a
reference by itself. To successfully implement ER initiatives, each region
must find specific formulas adapted to its reality based on interdisci-
plinary approaches that consider several dimensions (technical, stra-
tegic, social, economic, political, etc.). It is also important to highlight
the relatively recent introduction of national regulations on ER, the
increasing positive perception regarding the use of prescribed fire to
manage fire-prone ecosystems, the concern on IAPs expansion or the
creation of national and international networks to collaborate on ER
initiatives.
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