Surviving in a hostile landscape: Nothofagus
alessandrii remnant forests threatened by
mega-fires and exotic pine invasion in the
coastal range of central Chile
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Abstract Nothofagus alessandrii, categorized as Endangered
on the IUCN Red List, is an endemic, deciduous tree species
of the coastal range of central Chile. We assessed the effects
of fire severity, invasion by the exotic fire-prone Pinus ra-
diata, and land-cover composition and configuration of
the landscape on the resilience of fragments of N. alessandrii
after a mega-fire in 2017. We used remote sensing data to
estimate land-use classes and cover, fire severity and inva-
sion cover of P. radiata. We monitored forest composition
and structure and post-fire responses of N. alessandrii for-
ests in situ for 2 years after the mega-fire. In the coastal
Maule region wildfires have been favoured by intense
drought and widespread exotic pine plantations, increasing
the ability of fire-adapted invasive species to colonize native
forest remnants. Over 85% of N. alessandrii forests were
moderately or severely burnt. The propagation and severity
of fire was probably amplified by the exotic pines located
along the edges of, or inside, the N. alessandrii fragments
and the highly flammable pine plantations surrounding
these fragments (> 60% of land use is pine plantations).
Pinus radiata, a fire-adapted pioneer species, showed strong
post-fire recruitment within the N. alessandrii fragments,
especially those severely burnt. Positive feedback between
climate change (i.e. droughts and heat waves), wildfires
and pine invasions is driving N. alessandrii forests into an
undesirable and probably irreversible state (i.e. a landscape
trap). A large-scale restoration programme to design a
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diverse and less flammable landscape is needed to avoid
the loss of these highly threatened forest ecosystems.
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Introduction

and-use and land-cover changes are major threats to

biodiversity conservation that result in forest loss,
fragmentation and degradation (Pereira et al, 2010;
Lindenmayer, 2012). Regions of high biodiversity that ex-
perience continual threats (Myers et al., 2000) need atten-
tion as the shifts in land-use and land-cover patterns, and
climate change, exacerbate disturbance processes such as
wildfires, insect irruptions, invasions of exotic species,
droughts and heat-induced tree mortality (Allen et al.,
2010; Veblen et al,, 2011; Gaertner et al., 2014; Seidl et al.,
2017; Miranda et al., 2020).

The temperate forests of south-central Chile are a bio-
diversity hotspot (Myers et al., 2000) because of their high
species richness and endemism, and habitat loss and wildlife
population declines. The native forests and biodiversity in
the coastal region (35°-37° S) of south-central Chile are par-
ticularly threatened because of the high human population
density and conflicting land-use demands (Armesto et al.,
1998; Echeverria et al., 2006; Alaniz et al., 2016; Miranda
et al., 2016). Here several narrowly distributed and endemic
tree species of the Maulino forests (sensu San Martin &
Donoso, 1996) are categorized as Endangered on the IUCN
Red List because of intense deforestation and fragmentation
(e.g. Nothofagus alessandrii, Gomortega keule, Pitavia puncta-
ta; Lara et al., 1996; Barstow et al., 2017; IUCN, 2018). There
are few public or private areas protecting these species’
rich and endemic ecosystems (Armesto et al., 1998; Pliscoff
& Fuentes-Castillo, 2011; Bannister et al., 2012). Only 15% of
the total area of N. alessandrii forests lie within protected
areas (Santelices et al., 2012). During 1981-1991, the N. ales-
sandrii forests declined at an annual rate of 8.15% of their
area, resulting in the loss of > 50% of these forests in that per-
iod, mainly because of the expansion of industrial Pinus ra-
diata plantations (Bustamante & Castor, 1998; Grez et al.,
1998; Heilmayr et al.,, 2016). As of 2008, the remnant 314 ha
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of N. alessandrii forests were confined to a mosaic of many
small (< 2 ha) and scattered fragments surrounded by a ma-
trix of exotic pine plantations (Grez et al., 1998; Santelices
etal, 2012), making them prone to disturbances such as forest
fires and invasive species.

Anthropogenic fires and the invasion of exotic species
are significant threats to the survival of the Maulino forests.
Since 2010 forest fire activity has increased in south-central
Chile, particularly in the coastal range of the Maule region
(Carvajal & Alaniz, 2019). Droughts and heatwaves are the
main factors associated with increasing numbers of large
wildfires and the burning of larger areas (Garreaud et al,,
2017; Gonzalez et al,, 2018; Bowman et al,, 2018). During
the 2016-2017 fire season, an extreme and destructive mega-
fire (named Las Maquinas) initiated by human action burnt an
area of 160,000 ha, including 55% (172 ha) of the last
remnants of N. alessandrii forests (Valencia et al., 2018). Pine
plantations may favour the spread of large fires (McWethy
et al.,, 2018; Bowman et al., 2018) and promote the invasion
of N. alessandrii fragments by massive seedling recruitment
of P. radiata, a pyrophytic species (i.e. adapted to fire).

Key drivers of ecosystem change can interact with and
reinforce each other, and can shift entire landscapes into
undesirable and potentially irreversible states (i.e. landscape
traps) in which major functional and ecological attributes
are compromised (Lindenmayer et al., 2011). For instance,
post-fire salvage logging in tropical rainforests and the sub-
sequent increase of fire-prone grassland species can lead to
an altered fire regime that limits recovery (van Nieuwstadt
et al,, 2001; Cochrane & Laurance, 2008). Similarly, alter-
ation of the stand structure in temperate forests by logging
can increase the occurrence and severity of wildfires
through modification of fuel types and loads (Odion et al.,
2004; Lindenmayer et al., 2009, 2011). In north Patagonia,
Araucaria araucana forests affected by extreme wildfire
events and re-burns after short intervals, attributed to chan-
ging climate trends and land-use practices, have favoured
a transition to a fire-prone landscape, creating a potential
landscape trap, especially when invaded by Pinus species
(Cébbar-Carranza et al., 2014; Gonzalez et al., 2020).

Forest fires and invasion by exotic species are critical emer-
ging pressures, especially for the coastal range Maulino forests
(San Martin & Sepulveda, 2002; Bustamante et al., 2003;
Santelices et al, 2018; Carvajal & Alaniz, 2019; Gonzélez
et al,, 2019; Leal, 2020). Here we examine the effects of the
2017 Las Maquinas mega-fire on the last remnants of forests
harbouring N. alessandrii, a rare, endemic deciduous tree spe-
cies of the coastal range of central Chile. Our main goals were
to: (1) assess the severity of the fire in the N. alessandrii forest
fragments affected by the mega-fire, (2) determine the land-
cover composition and configuration of the main land uses
surrounding the N. alessandrii forest fragments, (3) assess the
invasion of P. radiata into N. alessandrii forests, and (4) evalu-
ate the survival and post-fire responses of these threatened
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forests 2 years after the fire. Finally, considering the critical
state of these forests, we recommend restoration and manage-
ment strategies at the landscape and forest scales to avoid the
loss of the last remnants of these threatened N. alessandrii for-
est ecosystems.

Study area

The study area lies in the coastal range of the Maule region
of central Chile. The predominant climate is Mediterranean,
characterized by winter rainfall, with dry summers in
September-April (Beck et al., 2018). Nothofagus alessandrii
(family Nothofagaceae) grows in relatively deep soils (> 50 cm)
of metamorphic and granitic origin, which are relatively
poor, with low phosphorus content, and are highly suscep-
tible to erosion (San Martin et al., 2013). We studied nine
N. alessandrii populations burnt by the 2017 mega-fire. Six
of these populations are in the southern burnt area and
three in the northern burnt area (Fig. 1).

Nothofagus alessandrii is an endemic, broad-leaved de-
ciduous tree species that occurs in small patches on south,
south-west or south-east facing aspects at elevations of 160-
440 m (Donoso & Lara, 1996). This species forms nearly pure
or mixed second-growth post-fire forests originated mostly
from vegetative reproduction (i.e. suckers arising from the
base of a tree). In mixed stands it is associated with Noth-
ofagus glauca and other hygrophyllous (Aextoxicon punc-
tatum, Nothofagus obliqua, Gevuina avellana) and meso-
phytic (Cryptocarya alba, Peumus boldus) species of the
sclerophyllous forests (San Martin et al., 1984; Donoso, 1996).
The present distribution of N. alessandrii forests is restricted
and fragmented along 100 km of the coastal range of central
Chile within a landscape dominated by extensive industrial
forest plantations of P. radiata, and shrublands (San Martin
et al., 1984). These forests are thought to be remnants of
a much larger population (Baldwin et al., 2018). The small
forest patches include 15 populations of 1-67 ha, with a total
forest cover of 314 ha (Donoso, 1996; San Martin & Donoso,
1996; San Martin & Septlveda, 2002; Santelices et al., 2012,
2018). Currently, N. alessandrii is one of the most threatened
tree species in continental Chile and is recognized as a
Natural Monument (Hechenleitner et al., 2005; MMA,
2021) and categorized as Endangered on the TUCN Red List
(Barstow et al., 2017; Baldwin et al., 2018).

Methods

Remote-sensing data and fire severity assessment

We used radar-based and optical information from the
Sentinel-1 and Sentinel-2 satellites, respectively, to assess the
fire severity of the nine burnt N. alessandrii populations (172 ha).
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We selected pre-fire images from both satellites (January 2017)
and a post-fire image from Sentinel-2 (March 2017).

The radar-based Sentinel-1 image was obtained from
Google Earth (Google, Mountain View, USA) and included
vertical-horizontal and vertical-vertical polarities and a
speckle filter correction (Lee et al., 1994). We used the senzr
package (Ranghetti et al., 2020) in R 4.0.1 (R Core Team,
2020) to obtain and process the optical Sentinel-2 images.
We applied radiometric and atmospheric corrections to
convert the data from the top of the atmospheric radiance
to the bottom of the atmospheric reflectance. We selected
bands with 10 or 20 m spatial resolution (B2, B3, B4 and
B8) corresponding to the visible, near-infrared (NIR) and
shortwave-infrared (SWIR) spectra for further post-pro-
cessing. Using these bands, we estimated the normalized dif-
ference vegetation index, green normalized difference
vegetation index and soil-adjusted vegetation index as
indicators of vegetation vigour and greenness.

We used the difference normalized burn ratio (ANBR) as
a fire severity proxy as it integrates pre- and post-fire vege-
tation status (Fernandez-Manso et al., 2016; Mallinis et al.,
2018). Firstly, we used the NIR and SWIR Sentinel-2
bands to assess the pre- and post-fire normalized burn
ratio of the vegetation as:

NBR = (NIR — SWIR)/(NIR + SWIR) (1)

Secondly, we assessed the difference between pre- and
post-fire greenness as:

dNBR = NBRpre-ﬁre_NBRpost-ﬁre (2)

fragments (three in the north
and six in the south) in the
study area in the Maule region
of central Chile, and the extent
of the 2017 anthropogenic

Las Maquinas mega-fire.

(b) Per cent of the various
land-use and land-cover classes
surrounding the northern

and southern N. alessandrii
fragments in the burnt areas.
(c) The land-use and
land-cover classes surrounding
the N. alessandrii fragments in
the southern area.

%o

(c)

Because of the low variability amongst the intermediate
severity classes, we reclassified the five INBR classes (Key
& Benson, 2006) into three fire severity classes, supported
by ground truthing: (1) high severity (carbonized tree
trunks, stems and leaves; dNBR > 0.66), (2) moderate
severity (trees did not retain leaves or needles and most of
the crown canopy was burnt; 0.27 < dNBR < 0.66), and
(3) low severity (trees possess green foliage and most of
their structure was not severely affected by the fire;
dNBR < 0.27).

Finally, we used a lidar-derived digital terrain model
resampled to a resolution of 10 m from which we depict-
ed the topographical position index using SAGA GIS
(Conrad et al., 2015). This index indicates whether, in rela-
tion to its neighbours, a pixel corresponds to a flat, concave
or convex area. We uploaded all images and derived variables
to Google Earth for further cloud-based post-processing.

Land use and land cover surrounding N. alessandrii
forests

We selected the nine fire-affected N. alessandrii populations
mapped by Corporaciéon Nacional Forestal (Valencia et al.,
2018). We then identified the main land use and land cover
(Table 1) within a 10-km radius area of influence around
the centroid of N. alessandrii forest patches. Because the
nine N. alessandrii populations are geographically separate,
we analysed patches in the northern and southern areas of
the mega-fire. We used all of the derived remote-sensing
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TasLE 1 Land-use classes in the study area of the Maule region in
central Chile estimated using remote-sensing data (Fig. 1).

ID Land-use class

1 Open shrublands &
grasslands

Description

Areas without trees, with scarce
vegetation cover & seasonal grassland
&/or shrubland species,

especially Vachellia caven

Young & adult industrial exotic Pinus
radiata plantations (with closed
canopies)

Areas with low woody canopy cover
dominated by shrubs & native or
exotic invasive tree species

Areas associated with the coastal
Maulino forest ecosystem dominated
by Nothofagus glauca, with few frag-
ments dominated by Nothofagus

2 Pine plantations

3 Shrublands

4 Native forests

alessandrii

5  Urban Human settlements (small towns
& villages)

6  Water Major water bodies

7  Farmlands Crops & rain-fed vineyards

8  Clear cut or young
pine plantations

Industrial Pinus radiata plantations
recently harvested or planted within
the last 5 years & with an open canopy

variables described in the previous section for the analysis,
including optical (Sentinel-2 bands and indices), structural
(Sentinel-1) and topographical (digital terrain model and
topographical position index) information.

We collected 9o training and 30 validation polygons per
class (first seven classes of Table 1) using visual interpre-
tation of high-resolution Google Earth images and a 2016
land-cover map (Zhao et al., 2016). We then used Google
Earth to train and validate a random forest classifier
(Breiman, 2001) using the collected samples. We tuned
and assessed model performance using the overall accuracy
metric obtained from the confusion matrix.

Classifying clear cuts or young pine plantations (identi-
fied as class 8 in Table 1) was spectrally complex as these
classes are often confused with crops, shrublands and natur-
ally non-vegetated areas. To overcome this, we used the
Google Earth integration of the LandTrendr algorithm
(Kennedy et al., 2018) to segment and assess time since
last disturbance using normalized difference vegetation
index time series analysis. We analysed annual data for
1990-2016. We assumed that disturbances during 2011-
2016 occurring inside the shrubland and grassland classes
corresponded to the ‘clear cuts or young pine plantations’
class and reclassified them accordingly. We did not consider
fire occurrences during 2011-2016, so there could be small
assignment errors to class 8. Finally, we applied a majority
filter to improve the classification and to obtain per-class
coverages (in ha and per cent, respectively).

Nothofaqus alessandrii forests in Chile

Pinus radiata invasions inside N. alessandrii forest
fragments before the mega-fire

To develop a pre-fire land-cover map, we selected pre-fire
images from Sentinel-1 and Sentinel-2 from 19 January
2017, 1 week before the Las Maquinas mega-fire. Within
this map we assessed P. radiata invasion inside the N. ales-
sandrii forest fragments by counting the number of pixels
classified as pine (corresponding mainly to dominant pine
trees) inside the native forest. Then we depicted the coverage
of the invasion in ha. We reclassified shrubland predictions
into native forest classes as we know from field experience
that these forest stands do not have dominant shrubland
species.

Forest composition and structure, and post-fire responses
of burnt N. alessandrii forests

We assessed the survival and post-fire responses of a
second-growth N. alessandrii forest affected by the Las
Maquinas mega-fire. This remnant, corresponding to one
of the nine N. alessandrii forest populations, is located in
El Desprecio (The Neglected) property owned and pro-
tected by a private company dedicated to forest plantations.
The mega-fire occurred in summer 2017 and burnt almost
100% of this N. alessandrii population.

In April 2017 (i.e. 2 months after the fire), we set nine
250-m” circular plots (8.9-m radius) in stands with low,
moderate and high dNBR-based severity levels. In these
plots we recorded all tree species (native and exotic) and
measured the diameter at breast height of all individuals
with a diameter at breast height = 5 cm. We classified the
survival status of the trees as either dead (stems and canopy
burnt without green foliage) or alive (green foliage in the
stems and/or crowns, and/or basal vegetative sproutings).
In each plot we set 12 circular subplots of 3.14 m* (1-m ra-
dius) to count the number of tree seedlings (0.05-2.00 m
in height) of the various species and to assess their regener-
ation origin (i.e. seeds or basal sprouts of trees). We assessed
the survival status of trees and seedling recruitment again
2 years after the fire, in April 2019.

Results

Fire severity, and land use and land cover surrounding
N. alessandrii forests

Of the 172 ha of N. alessandrii stands burnt by the 2017
mega-fire (corresponding to 55% of the total area), 15% (25
ha) was burnt by a low-severity fire and 47% (81 ha) and 38%
(66 ha) were burnt by moderate- and high-severity fires, re-
spectively. The land-use and land-cover map of the first
seven classes (Table 1) had an overall accuracy of 87%.
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The land-use and land-cover map indicated that 60% of
the area surrounding N. alessandrii forests corresponded
to P. radiata plantations and clear cuts of this tree species
(Fig. 1). Shrublands were the primary native vegetation
type surrounding N. alessandrii forests, with 16% cover,
and only 8% of the area was classified as native forests
(Fig. 1b), with a fragmented spatial pattern.

Pinus radiata invasion inside N. alessandrii forests before
the mega-fire

We estimated that P. radiata had invaded and become a
dominant species in the forest canopy in 16% (28 ha) of
the total area of the nine N. alessandrii populations (172 ha)
before the mega-fire occurred in 2017 (Fig. 2). These inva-
sions were mainly along the edges of the fragments close
to plantations and clear cuts (Fig. 2b). The range of P.
radiata cover in the nine populations was 11-40%. Smaller
fragments had a greater cover of pine compared to larger
fragments.

Forest composition and structure, and post-fire responses
of burnt N. alessandrii forests

The structure of N. alessandrii stands indicates that at the
time these fragments were affected by the 2017 mega-fire,
they were in an intermediate state of development, with a
density of 1,200-3,240 trees/ha and a basal area of 17-74
m®/ha. The diameter distribution of these second-growth

Fic. 2 (a) Invasions of pine
Pinus radiata into N.
alessandrii forest fragments in
the southern study area in the
Maule region of central Chile,
and (b) magnification
illustrating the invasion of pine
at the edges of N. alessandrii
fragments.

M [0 N. alessandrii forest
I Invasion of pine :

TN .

patches shows a greater number of trees in the smallest
size class (5-15 cm diameter at breast height) representing
an evenly aged cohort established after a high-severity fire
(Fig. 3a). In addition, N. alessandrii stands feature adult P.
radiata (> 50 cm diameter at breast height) trees established
in forest clearings in recent decades.

The survival status measured 2 months after the 2017
mega-fire demonstrated high mortality of N. alessandrii
trees independent of fire severity (Fig. 3a). Nevertheless,
by April 2019 > 80% of the N. alessandrii trees had re-
sprouted, demonstrating their ability to survive high-
severity fires (Fig. 3b, Plate 1b). Evidence for recurrent and
severe fires having shaped these fragments comes from the
protuberances formed at the bases of many trees as a result
of continuous re-sprouting. Post-fire recruitment of N. ales-
sandrii from seeds was low by 2019 (< 17%) and restricted to
the fragments affected by low- and moderate-severity fires.
All adult P. radiata affected by moderate severity fires were
killed.

During the 2 years after the fire, seedlings of P. radiata co-
lonized the burnt sites at high density from seeds stored in
serotinous cones, particularly in fragments burnt with high
severity (Plate 1c). By 2019 the number of seedlings of P.
radiata was 1,600-15,000 per ha in the burnt sites (Fig. 3b).

Discussion

Since 1750, N. alessandrii forest stands have been degraded
and destroyed as a result of fires set by people, and by
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logging (Donoso & Landaeta, 1983; Donoso & Lara, 1996),
and since the 1970s this has occurred because of the conver-
sion of the Maulino forests to fast-growing industrial plan-
tations of P. radiata associated with a large-scale subsidy
programme from the Chilean state through Decree Law
701 (Donoso & Lara, 1996; Lara et al., 1996; San Martin &
Donoso, 1996; Bustamante & Castor, 1998; Echeverria
et al,, 2006; Heilmayr et al., 2016). Currently, the landscape
is dominated by an extensive and homogeneous matrix
comprising forest plantations and scattered, small frag-
ments of N. alessandrii. Pinus radiata is categorized as
Endangered in its native habitat in California, with a popu-
lation that is severely fragmented. One of the main threats
P. radiata faces is competition from other trees in the ab-
sence of periodic fires (Farjon, 2013).

The Las Maquinas mega-fire burnt 160,000 ha, including
55% (172 ha) of the last forests of N. alessandrii, a threatened
species protected by law. Extreme weather conditions char-
acterized by heatwaves and strong winds (Bowman et al.,

T glauca; Prad, Pinus radiata;
=oa9 Other: Cryptocarya alba,
Aextoxicon punctatum, Persea
lingue and Gevuina avellana.

2018) resulted in > 85% of these forests being burnt with
moderate or high severity (Valencia et al., 2018). However,
the ease of propagation and the severity of the fire were
probably amplified by the large proportion of monoculture
plantations of highly flammable trees surrounding N. ales-
sandrii fragments (> 60% of the land use covered by pine
plantations). The presence of adult P. radiata within the
fragments of N. alessandrii, especially in the smaller frag-
ments and at their edges, could also have increased the
spread and severity of the fire (Veblen et al, 2011
Cébar-Carranza et al,, 2014; Garcia et al., 2015; Raffaele
et al,, 2016; Taylor et al., 2016).

Stand-replacing fires have shaped N. alessandrii forests
over the past centuries (Donoso, 1996; Gonzilez et al,
2019, 2022). The 2017 mega-fire that affected these second-
growth stands demonstrated the ability of N. alessandrii to
cope with and recover after fires. Most trees survived mainly
through vegetative reproduction, by re-sprouting from the
epicormic buds at the bases of the trunks of the dead
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Prate 1 (a) Nothofagus alessandrii second-growth forest. (b) N. alessandrii forest burnt with high severity in the private protected area
El Desprecio and sprouting from burnt N. alessandrii trees (note in the background, left, an adult pine Pinus radiata). (c) Dense
post-fire recruitment of P. radiata from seeds. Photos: (a) M.E. Gonzalez; (b,c) C. Becerra-Rodas.

trees, which frequently displayed protuberances as evidence
of re-sprouting following past fire events. Pinus radiata trees
died in this mega-fire event because of their greater flam-
mability (Gonzélez et al., 2019).

Species of the genus Pinus are highly invasive in the
Southern Hemisphere, where they are used extensively in
plantations for industrial timber production (Richardson
et al., 1994; Simberloff et al., 2009; Langdon et al., 2010;
Coébar-Carranza et al., 2014; Pauchard et al.,, 2016; Raffaele
et al., 2016). These introduced pines are pioneer species
adapted to regenerate after high-severity fires (e.g. from
the serotinous cones of P. radiata) or to survive fires and
provide seed sources for post-fire regeneration (Williams
& Wardle, 2007; Veblen et al., 2011). In the coastal Maule re-
gion, fire has been a key disturbance process promoting the
invasion of P. radiata into native forest remnants. Fires that
affect the matrix dominated by this exotic conifer stimulate
the release of large amounts of viable wind-dispersed seeds
from the serotinous cones of surrounding plantations,
which facilitates their invasion of N. alessandrii and other
native forest stands (Williams & Wardle, 2007). After the
2017 mega-fire the fire-prone pines demonstrated rapid
post-fire recruitment within the N. alessandrii forests be-
cause of the abundant seeds stored in the serotinous cones
of killed pines within these forest fragments (Veblen et al.,
2011; Gonzalez et al., 2019, 2022). Pine density was particu-
larly high in forests burnt with high severity. Considering
that 85% (147 ha) of the N. alessandrii forests were burnt
with moderate or high severity, a potentially dense invasion
of exotic pines would be expected, which would reduce the
resilience of these forests to fire disturbances.

Since 2010, forest fire activity has increased in south-central
Chile. The increase in large wildfires and area burnt, and the
extension of the fire seasons, have been associated with in-
creased drought conditions and heatwaves (Gonzalez et al.,
2018; Bowman et al., 2018). Furthermore, pine plantations
have been heavily affected (in terms of area and
severity) under the extreme fire conditions facilitated by
drying and warming climate trends (Garreaud et al, 2017
Gonzalez et al,, 2018; McWethy et al,, 2018), leading to positive
feedback between wildfires and invasions (Taylor et al.,, 2016).
Thus, P. radiata invasion after wildfires converts N. alessandrii
forests into areas of fire-prone pyrophytic vegetation (a condi-
tion also favoured by invasions of exotic shrubs such as Teline
monspessulana and Cytisus scoparius; Pauchard et al, 2014;
Garcia et al, 2015; Kitzberger et al, 2016; Raffaele et al,
2016). Major changes in landscape spatial patterns (i.e. massive
industrial plantations of P. radiata) and feedback processes (i.e.
increased fire activity and invasions of exotic species) are lead-
ing N. alessandrii forests into a landscape trap (sensu
Lindenmayer et al., 2011). Most examples of landscape traps in-
volve a modified disturbance regime and forest structure and
composition, invasion processes and climate change as key dri-
vers of ecosystem change, which can shift the forested land-
scape into an altered and irreversible state that is ecologically
impaired (Cochrane & Laurance, 2008; Lindenmayer et al.,
2011; Bowman et al, 2014; Cdbar-Carranza et al,, 2014;
Fairman et al,, 2015; Kitzberger et al,, 2016; Tepley et al., 2017;
Gonzilez et al., 2021).

Recognition of the processes that could lead to a land-
scape trap requires the use of diverse approaches and tools
(Lindenmayer et al., 2011). Remote-sensing technologies are
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essential to assess invasion processes and the spatial and
temporal attributes of fires (i.e. severity and size) at the land-
scape level (Kattenborn et al., 2019; Fassnacht et al., 2021). In
addition, the IUCN Red List of Ecosystems (Alaniz et al.,
2019) can inform policy process and identify policy instru-
ments that could improve ecosystem-level outcomes
for biodiversity conservation (Keith et al., 2015). The use
of complementary and integrated approaches at a national
scale would facilitate the study of temporal ecosystem
changes and generate landscape-integrated conservation
and restoration strategies, including those that are pertinent
to N. alessandrii stands. Thus, land-use planning and
large-scale restoration are key to changing those landscape
spatial characteristics that render areas vulnerable to
human and natural disturbances.

Programmes focused on the conservation of N. alessandrii
forests at the landscape scale should receive high national pri-
ority to prevent the disappearance of these ecosystems. Such
programmes will need to design a more diverse, heteroge-
neous and less flammable landscape through the conversion
of 40-50% of industrial forest plantations in each 20,000-
50,000 ha watershed to native forests, including N. alessan-
drii. This should also include the creation of 40-50 m wide
buffer zones along streams and headwaters surrounded by
exotic forest plantations and/or other productive uses.
Converting these areas to native forests would introduce
fire breaks as native forests are significantly less flammable
than plantations and provide ecosystem services such as
water provision, carbon sequestration, maintenance of soil
fertility, recreation and habitat conservation. Such conversion
would require large-scale restoration programmes designed
and implemented through collaborations between the gov-
ernment, timber companies, NGOs and other landowners.
This could be part of the restoration at the landscape scale
of 1 million ha, committed by Chile as a National
Determined Contribution to the Conference of the Parties
(COP2s5, Madrid 2019) of the United Nations Framework
Convention on Climate Change. This landscape-scale restor-
ation appears to be the only realistic way to maintain sustain-
able timber supply from productive forest plantations that are
compatible with the conservation of N. alessandrii stands and
other forest types, as well as the provision of ecosystem ser-
vices under current and future fire regimes and the drying
and heating trends associated with climate change. This land-
scape restoration plan is ambitious but probably the only way
to ensure the survival of the remaining N. alessandrii stands
and the re-establishment of stands in the historical distribu-
tion of the species through restoration. The restoration pro-
grammes should also create buffer zones (or fire breaks)
around remnant N. alessandrii stands when surrounded by
exotic pine plantations, to protect them from fire and inva-
sion by exotic species. These buffer zones should be 40-50 m
wide and covered by short native shrubs surrounded by
40-100 m of thinned and pruned plantations, to reduce

Nothotfaqus alessandrii forests in Chile

fuel load. These programmes should also create a financial
foundation for the conservation, restoration and study of N.
alessandrii stands, comprising public and private funding
and led by stakeholders living in the Maule region, along
with a strong outreach programme. A model for this kind
of organization could be Corporaciéon Alerce, which is dedi-
cated to the conservation of Fitzroya cupressoides (alerce), a
large, long-lived, threatened conifer in southern Chile and
an iconic species that is more abundant than N. alessandrii.
At the stand scale, the most urgent actions are to control the
post-fire regeneration of pines established in N. alessandrii
stands and to remove large adult pines from these stands.
Effective land-use planning and the implementation of res-
toration and forest management strategies are priorities if
we are to protect the Maulino forests and avoid the extinc-
tion of N. alessandrii forest ecosystems.
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