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Abstract

Background: Some have proposed that fire return intervals lengthen with elevation in montane tropical coniferous
forests, such as those found in central Mexico. This would generate patterns of synchronous tree establishment in
higher elevation forests dominated by Abies sp. Mill., and patterns of continuous tree establishment in lower
elevation forests dominated by Pinus sp. L. However, it is common to find codominant stands of both genera at
intermediate elevations. The Monarch Butterfly Biosphere Reserve (MBBR) is located in this region, and is covered by
Abies religiosa (Kunth) Schltdl. & Cham-dominant forest, A. religiosa–Pinus pseudostrobus Lindley-codominant forest,
and P. pseudostrobus-dominant forest. Despite the ecological importance of the MBBR’s coniferous forests, little is
known about their fire return intervals, including their relationship with climate, and their effects on tree establishment
patterns according to the elevational range proposed above. In this study, using dendrochronological techniques, we
reconstructed the historical fire return intervals for each forest type, evaluated their relationship with droughts and with
the El Niño Southern Oscillation (ENSO), and assessed the effect of fire return intervals on tree establishment patterns.
A total of 110 cross-sections were obtained, from 23 sites across the MBBR.

Results: The fire chronology covered the period between 1925 and 2015. Fire return intervals averaged two years in
stands dominated by A. religiosa, by P. pseudostrobus, and codominated by both species, regardless of elevation. No
fire-free periods were detected, even after the establishment of the reserve in 2000. Fire frequency was not associated
with periods of drought and ENSO. There was no relationship between fire return intervals and patterns of tree
establishment, which was continuous in all three forest types.

Conclusions: Our results suggest that coniferous forests of the MBBR have historically experienced frequent fires that
are unrelated to climate and tree establishment. This may be evidence that natural fire regimes in these coniferous
forests have been drastically altered by human activities. Although these frequent low-severity fires could adversely
affect tree regeneration, and eventually decrease the integrity of the overwintering habitat of the Monarch Butterfly,
the continuous tree regeneration observed suggests that these effects have not yet taken place.
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Resumen

Antecedentes: Se ha propuesto que los intervalos de retorno de incendios se prolongan con la elevación de los
bosques de coníferas tropicales de montaña, como los que se encuentran en el centro de México. Esto generaría
patrones de establecimiento sincrónico de árboles en bosques de mayor elevación dominados por Abies sp. Mill., y
patrones de establecimiento continuo de árboles en bosques ubicados a alturas menores dominados por Pinus sp.
L. Sin embargo, es común encontrar rodales co-dominantes de ambos géneros en elevaciones intermedias. La
Reserva de la Biosfera Mariposa Monarca (RBMM) está ubicada en esta región y está cubierta por bosques
dominados por Abies religiosa (Kunth) Schltdl. & Cham, co-dominados por A. religiosa y Pinus pseudostrobus Lindley,
y bosques dominados por P. pseudostrobus. A pesar de la importancia ecológica de los bosques de coníferas de
RBMN, se sabe poco acerca de sus intervalos de retorno de incendios, incluida su relación con el clima y sus
efectos en los patrones de establecimiento de árboles de acuerdo con el rango de elevación propuesto
anteriormente. En este estudio, reconstruimos los intervalos históricos de retorno de fuego para cada tipo de
bosque utilizando técnicas dendrocronológicas, evaluamos su relación con las sequías y con el Niño-Oscilación del
Sur (ENOS), y evaluamos el efecto de los intervalos de retorno de fuego en los patrones de establecimiento de
árboles. Se obtuvieron un total de 110 secciones transversales, de 23 sitios en toda la RBMM.

Resultados: La cronología de incendios abarcó el período comprendido entre 1925 y 2015. Los intervalos de
retorno del fuego promediaron dos años en rodales dominados por A. religiosa, por P. pseudostrobus y co-
dominados por ambas especies, independientemente de la elevación. No se detectaron períodos libres de
incendios, incluso después del establecimiento de la Reserva en 2000. La frecuencia de los incendios no se asoció
con los períodos de sequía y ENOS. No hubo una relación entre los intervalos de retorno del fuego y los patrones
de establecimiento de árboles, que fue continuo en los tres tipos de bosques.

Conclusiones: Nuestros resultados sugieren que los bosques de coníferas de RBMM han experimentado
históricamente incendios frecuentes que no se asocian con el clima y el establecimiento de árboles. Esto puede ser
una evidencia de que los regímenes de incendios naturales en estos bosques de coníferas han sido alterados
drásticamente por las actividades humanas. Si bien estos incendios frecuentes y de baja severidad podrían afectar
negativamente a la regeneración de árboles y, eventualmente, disminuir la integridad del hábitat de hibernación de la
mariposa monarca, la continua regeneración de árboles observada sugiere que estos efectos aún no han tenido lugar.

Abbreviations

D: Dormant
EE: Early earlywood
ENSO: El Niño Southern Oscillation
L: Latewood
LE: Late earlywood
masl: Meters above sea level
MAX: Maximum fire interval
MBBR: Monarch Butterfly Biosphere Reserve
ME: Middle earlywood
MFI: Mean fire interval
MIN: Minimum fire interval
WMPI: Weibull mean probability interval

Background
Fire is a disturbance agent that influences forest regener-
ation in the sub-humid temperate zone (sensu Holdrige
1947), particularly in coniferous forests (Frelich 2002).
To maintain the integrity of these forest ecosystems,
management must take into account their natural dis-
turbance regimes, under the premise that species have
evolved under a historical disturbance regime (Franklin

et al. 1997; Pérez-Salicrup et al. 2016). The fire regime of
a given ecosystem can be characterized as the temporal
distribution (duration, frequency, return interval, and
seasonality), the spatial distribution (extent, shape, and
ignition points), and the characteristics (vegetation type
affected, behavior, severity, and intensity) of fires (Agee
1993; Krebs et al. 2010). Because the species present in
coniferous forests have evolved in response to fire re-
gimes, and not to individual fires, it is essential to under-
stand what the current fire regime is, and to evaluate
how far departed it may be from the historic regime
(Fulé et al. 2009).
The fire return interval has been one of the most rele-

vant and studied properties of fire regimes and is defined
as the historical temporal pattern of fire occurrence in a
given location (Heyerdahl et al. 2011). The reconstruc-
tion of fire return intervals can help identify the relation-
ship between fire occurrences with regional climatic
patterns, such as periods of drought (Fulé et al. 2005;
Gill and Taylor 2009), or with global circulation phe-
nomena, such as El Niño Southern Oscillation (ENSO;
Heyerdahl and Alvarado 2003; Yocom et al. 2010). It can
also be used to evaluate whether fire frequency is associ-
ated with forest structure at a local scale (Brown 2006),
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or whether there is a relationship between fire return in-
tervals and insect outbreaks (Kulakowski and Jarvis
2011). A reconstruction of historical fire return intervals
may allow us to evaluate whether current fire frequency
falls within the historical range of variation.
This reconstruction is possible through the dating of

fire scars in the trunks of trees (Agee 1993). Fire scars
are formed when there is sufficient duff and litter fuels
at the tree base, facilitating a fire that is intense enough
to penetrate the bark and damage the cambium, leading
to an identifiable scar forming in the tree ring, corre-
sponding to the fire year. In some species of conifers, it
is possible to know precisely the year and season in
which the fire occurred and, as trees continue to grow,
the fire scars are surrounded by wound wood (Gutsell
and Johnson 1996). This process can be repeated, so a
given tree can register several fire events (Baker and
Dugan 2013). Contiguous trees are likely to record the
same years of fire, which allows for the reconstruction of
the history of fires for a stand or a complete region.
During the last 40 years, the interest in reconstructing

the history of fires has grown in different regions (Agee
1993; Fulé et al. 2005; Poulos et al. 2013). During most
of the twentieth century, a fire suppression policy was
developed in the United States of America and in other
parts of the world, which considerably increased fire re-
turn intervals and led to a high accumulation of fuels.
This modification of fire regimes contributed to in-
creases in uncharacteristically intense and severe fires
and the loss of species in places where frequent
low-severity surface fires historically predominated (Pyne
1996). Consequently, interest increased in understanding
the role of climatic and human factors on the occur-
rence of fires (Lethonen et al. 1996), as both can modify
forest structure and generate synergies of forest fires
with other disturbances (Abrams and Orwig 1996;
Bergeron 1998). Fire return intervals determine the
length of periods of fuel accumulation, plant growth,
and recolonization and regeneration of plant popula-
tions (Davies 2013). Understanding temporal fire dy-
namics and its role in the regeneration of coniferous
species has been used for planning of prescribed
burning, timber harvesting, and design of restoration
strategies based on the re-establishment of fire return
intervals in sites that have experienced fire suppres-
sion (Mast et al. 1999).
Fire regimes are not homogeneous across all conifer-

ous forests (Agee 1993). For example, in some pine-domi-
nated forests, such as those dominated by Pinus ponderosa
Douglas ex Lawson, frequent and low-moderate severity
fires are often experienced, which usually result in the con-
tinuous establishment of new individuals through time
(Brown and Cook 2006). In contrast, forests dominated by
genera such as Abies Mill. and Picea A. Dietr. experience

infrequent crown fires, with mixed or high severity, which
generally initiate stand replacement, which in turn results
in synchronous or pulsed establishment patterns in tree
populations (Shawn et al. 2008). This fire regime pattern
may be found along an elevational gradient in which fre-
quent and low-severity fires are experienced in forests lo-
cated at low elevations (e.g., P. ponderosa forests), and
infrequent and mixed- or high-severity fires at high el-
evations (e.g., Abies concolor [Gordon & Glenndinig]
Hoopes stands) (Fulé and Laughlin 2007).
In Mexico, coniferous forests are distributed in moun-

tainous areas and show high genetic and species diversity
(Gugger et al. 2013). It has even been proposed that, in
montane tropical regions in Mexico such as the Trans-
Mexican Volcanic System (TVS) and Sierra Madre del Sur,
fire return intervals are shorter compared with their boreal
or austral counterparts (Yocom and Fulé 2012). Fur-
thermore, fire regimes may vary according an eleva-
tional gradient, due to the large elevational variation
of the mountainous massifs in this tropical region.
On the highest peaks of the TVS, above 3400 m, for-
ests are dominated by Pinus hartwegii Lindley. Below
this elevation, forests are dominated by fir species,
such as Abies religiosa (Kunth) Schltdl. & Cham or Abies
hickelii Flous & Gaussen, and then by several pine species,
such as Pinus pseudostrobus Lindley or Pinus montezumae
Lamb. at the lowest elevations (Sáenz-Ceja and Pérez-Sa-
licrup 2019). In addition, in these montane forests, it is
common to find a mid-elevation zone with codominance
of both genera (Sáenz-Ceja 2015). It has been proposed
that fire regimes could vary between fir forests, with infre-
quent fires of mixed severity and intensity, and pine for-
ests, with frequent fires of low severity and intensity
(Rodríguez-Trejo and Fulé 2003). However, this fire re-
gime pattern has not been assessed in forest dominated
and codominated by both genera.
The scarcity of studies documenting fire return intervals

or any of the other attributes associated with current fires
regimes in montane tropical coniferous forests contrasts
with a greater number of fire chronologies developed in
northern Mexico, where coniferous forests, in general
terms, experience frequent surface low-severity fires (Fulé
et al. 2012). Most of these forests have synchronous fire
return intervals that are strongly associated with ENSO
oscillations, and, in some places, fire regimes have chan-
ged by local processes such as forest management and fire
suppression (Yocom et al. 2017). Most sites in northern
Mexico, however, did not experience fire suppression or
reduction of fire return intervals until the second half of
the twentieth century, when logging became an important
activity after the formation of the ejidos in 1936 (Heyer-
dahl and Alvarado 2003). The ejido is a social land tenure
created after the Mexican Revolution in which groups of
peasants received extensive pieces of land. Almost 63
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million hectares of Mexican forests belong to ejidos and
indigenous communities (Morett-Sánchez and Cosío-Ruiz
2017). In the few studies in montane tropical coniferous
forest ecosystems of central Mexico, the forests have been
documented to experience frequent and low-severity fires
in sites dominated by Pinus douglasiana Martínez
(Cerano-Paredes et al. 2015) and P. hartwegii (Cerano-
Paredes et al. 2016). It has been suggested that ENSO does
not modulate fire frequency with the same force in these
central Mexican forests as it does in the northern Mexican
forests (Yocom and Fulé 2012), and that the effect of hu-
man activities could have strongly modified natural fire
regimes (Pompa-García et al. 2017).
The Monarch Butterfly Biosphere Reserve (MBBR),

located in the Trans-Mexican Volcanic System, is mainly
covered by coniferous forests dominated by fir (A. reli-
giosa) at elevations higher than 3150 meters above sea
level (masl), codominated by pine–fir (P. pseudostrobus–
A. religiosa) stands between 2800 to 3150 masl, and domi-
nated by pine (P. pseudostrobus) at elevations lower than
2800 masl (Sáenz-Ceja 2015; Cornejo-Tenorio and
Ibarra-Manríquez 2017). This reserve is the place where
millions of monarch butterflies overwinter each year,
from November to March, particularly in A. religiosa
stands (Brower et al. 2016). A recent study suggested
that human disturbances have reduced the fir forest
surface; that is, the habitat of monarch butterflies
(Vidal et al. 2014). Climate change could also reduce
the extent of A. religiosa stands, due to higher aridity
conditions affecting fir tree phenology (Sáenz-Romero
et al. 2012). In addition, there is evidence of the modifi-
cation of fire regimes, indicated by the age structure of
dominant and codominant stands (Pérez-Salicrup et al.
2016). Changes in natural fire regimes, particularly in
fir forests, could put at risk the migratory phenomenon
of monarch butterflies, as fire suppression or increased
fire frequency could alter tree population structure and
tree establishment patterns, and negatively affect the
sanctuaries where the butterflies hibernate. Hence, the
development of a fire chronology in the MBBR is es-
sential to document the historical fire return intervals
as well as their relationship with climatic and tree
regeneration patterns.
The objectives of this study were: 1) to reconstruct the

history of fires in forests dominated and codominated by
P. pseudostrobus and A. religiosa, 2) to evaluate whether
the fire return intervals differ between the forests domi-
nated and codominated by both species, 3) to evaluate
whether climate is related to fire frequency in this
region, and 4) to evaluate whether tree regeneration in
the three forest types responds to fire frequency. This
will provide important information toward understand-
ing the influence of fire on the structure of montane
tropical coniferous forests. In addition, it will be useful

to design forest management strategies that could pro-
vide long-term preservation of monarch butterfly habi-
tat. We expected to find the following: (1) that fire
return intervals varied among fir, mixed pine fir, and
pine forests; (2) that drought periods and ENSO oscilla-
tions strongly influenced fire frequency; and (3) that
tree establishment in fir stands following fires was syn-
chronic, whereas it was continuous in pine stands.

Methods
Study site
The MBBR is located between the states of Mexico and
Michoacán, in central Mexico, with an extent of 56 256
hectares (Fig. 1) and coordinates between 19.7408 N,
−100.3738 W, and 19.3089 N, −100.1519 W (CONANP
2001). The area is dominated by volcanic soils and a rug-
ged topography, with elevations ranging from 2220 to
3640 masl (Ramírez-Ramírez 2001). Physiographically, it
is part of the Trans-Mexican Volcanic System (Sánchez-
González et al. 2005). Climate is sub-humid temperate
and sub-humid semi-cold, with rainy season from July to
October, mean annual temperatures ranging from 8° C
to 22 °C, and mean annual precipitation between 700
and 1250 mm (García 1997). There are four major vege-
tation types: coniferous forest, oak forest, mesophilic
mountain forest, and montane grasslands (Cornejo-
Tenorio and Ibarra-Manríquez 2017). Coniferous for-
ests are the most extensive vegetation type, with 12%
of the MBBR area dominated by A. religiosa, 33%
dominated by P. pseudostrobus, and 27% codominated
by both species (Sáenz-Ceja 2015; Fig. 2).
Initially, the area of the MBBR mainly covered the fir

stands surrounding the overwintering colonies of mon-
arch butterflies. In 2000, the reserve acquired its current
configuration, including mixed pine–fir and pine stands
at lower elevations (Vidal et al. 2014). Most of the
MBBR area is property of rural communities; specific-
ally, of 59 ejidos and 13 indigenous communities. Only a
small area belongs to the state and federal governments
(Martínez-Torres et al. 2016). Historically, the forests of
the MBBR have been managed. In the buffer zone, par-
ticularly in mixed pine–fir and pine stands, commercial
logging is allowed under certain restrictions, following a
selective logging method (Navarrete et al. 2011), while
salvage logging in the core zone is allowed only after se-
vere blizzards and bark beetle detections (Brower et al.
2017). No large insect outbreaks had been documented
in the MBRR in the last 15 years (Camarillo-Luna 2018).
The MBBR is inhabited by more than 27 000 people
(INEGI 2010). Firewood harvesting and livestock grazing
are two important human activities inside the forests
(Honey-Róses 2009), while some stands have been af-
fected by illegal logging, particularly in fir and mixed
pine–fir forests in the core zone (Brower et al. 2016).
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Fire is a historical disturbance in the forests of the
MBBR. Some rural inhabitants of the MBBR have even
developed a traditional fire management knowledge sys-
tem, particularly to eliminate agricultural residues, to
promote grassland for animal husbandry, for the extrac-
tion of non-timber products, and for cleaning roads
(Martínez-Torres et al. 2016). Fires occur mainly during
the dry season (from March to June). The main sources
of ignition reported are agricultural activities, forestry,
and campfires. No lightning fires have been reported
(Pérez-Salicrup et al. 2016). Most of fires reported since
the year 2012 had a mean extent of 2 ha, and were sur-
face, low-severity, and low-intensity fires, in pine, mixed

pine–fir, and fir stands (Cantú-Fernández 2013). There
is an official policy of fire fighting, carried out by rural
communities, and state and federal brigades (Martínez-
Torres et al. 2015).

Dendrochronological sampling
We established 23 sampling sites following an elevational
gradient between 2700 and 3200 masl that included the
distribution elevation of pine forests dominated by P.
pseudostrobus (2700 to 2850 masl); mixed pine–fir forests,
codominated by P. pseudostrobus and A. religiosa (2850 to
3150 masl); and fir forests, dominated by A. religiosa
(3150 to 3300 masl). The sampling sites were located

Fig. 1 Location of the Monarch Butterfly Biosphere Reserve, Mexico, and fire-scar sampling sites in 2016
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within the contiguous MBBR, along the Chincua-
Campanario. Cerro Pelon corridor, and associated
with the three main massifs of the area: Sierra de Chincua
in the northern zone (ejidos Chincua, Jesús Nazareno, and
Santa Ana); Sierra Campanario-Chivati-Huacal in the cen-
tral zone (ejidos El Paso, El Rosario, Donaciano Ojeda,
and Crescencio Morales), and Sierra Cerro Pelón in the
southern zone (ejido Vare). The detached portion of the
MBBR, called Cerro Altamirano, 30 km north of the main
portion, was not considered in this study (Fig. 1). The sites
were selected in stands that experienced past fires, with
regard to testimony of forest owners as well as to the pres-
ence of fire-scars in living trees, stumps, and fallen trees
(Fig. 3a). Because the decaying of fallen trees and stumps
is relatively fast, we focused our sampling in sites that had
recently experienced salvage logging (in response to a
blizzard in 2016) or commercial logging. The characteris-
tics of the sampling sites and the number of samples are
showed in Table 1. No living trees were sampled, due to
restrictions of forest owners. Stumps and felled fire-
scarred trees were selected in each site, from which
cross-sections were extracted with a chainsaw (Fig. 3b).

We measured the diameter (cm) at the base of each stump
or tree, and recorded the species.

Fire scar dating
The cross-sections were dried, sanded, and polished using
standard dendrochronological techniques (Speer 2010).
Age was first estimated by counting the radial growth
rings, and skeleton plots were generated to cross-date all
samples, which were compared with a master chronology
of A. religiosa and P. pseudostrobus developed for the
MBBR (Carlón-Allende et al. 2016). This allowed us to
identify missing rings, micro rings, and false rings, and to
date samples for which the cut year was unknown. Once
samples were dated, years with fire scars were identified
by the interruption of growth rings and the presence of
charcoal, followed by deformation and generation of
wound wood (Gutsell and Johnson 1996). According to
the clarity of the scar, the annual season of each fire was
recorded as early earlywood (EE), middle earlywood (ME),
late earlywood (LE) (Grissino-Mayer 2001). No latewood
(L) or dormant (D) scars were found. The categories were
grouped into two periods: dry season (EE + ME) and wet

Fig. 2 Fir forest (a), mixed pine–fir forest (b), and pine forest (c) in the Monarch Butterfly Biosphere Reserve, Mexico, in 2016. Photo credit:
J.E. Sáenz-Ceja

Fig. 3 Monarch Butterfly Biosphere Reserve, Mexico, fire-scarred tree (a), and a cross-section (b), in 2016. Photo credit: J.E. Sáenz-Ceja
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season (LE). The earlywood in both species is formed
from May to September (end of dry season and beginning
of wet season), and latewood from October to December
(end of wet season) (Carlón-Allende et al. 2018).

Fire return interval estimation
The fire return interval for each site was estimated using
the Weibull median probability interval (WMPI), the
maximum interval (MAX), and the minimum interval
(MIN) (Grissino-Mayer 2001). We preferred the WMPI
because fire return intervals are seldom normally distrib-
uted and WMPI resists large fire interval values (Grissi-
no-Mayer 1999). These data were analyzed using three
filters: (1) considering 100% of the scars, (2) considering
only the scars present in ≥10% of samples, and (3) con-
sidering scars present in ≥25% of samples. Since we
followed an elevational gradient to select the sampling
sites, the spatial scale considered for computing these
values was the extent of the three forest types in the
MBBR, which was 7153 ha for fir forest, 15 078 ha for
mixed pine–fir forest, and 18 462 ha for pine forest, esti-
mated in a preliminary study (Sáenz-Ceja 2015). Within

zones, we assumed that, in years with a low percentage
of scars, small fires occurred, while years with a high
percentage of scars represented fires of greater extent
(Fulé et al. 2003). However, fires that registered in the
same year were not assumed to represent the same fire
when the distance between samples was large (i.e., across
the northern, central, and southern regions of our study
area), because of the broken topography of the terrain.
Data were analyzed with the FHAES program v. 2.0.2
(Brewer et al. 2016). In addition, we documented the
total number of scars, the number of years with records
of fires, and the time lapse from the first to the last year
of recorded fire, and we analyzed the sample size needed
to determine the threshold beyond which the number of
samples was representative for the chronologies of each
forest type. Trees with scars in the same site and for the
same year were composited.

Fire and climate analysis
We conducted a superposed epoch analysis (SEA) using
FHAES 2.0.2 to evaluate the relationship between fire
occurrence and climate conditions, such as precipitation

Table 1 Sampling site characteristics in the Monarch Butterfly Biosphere Reserve, Mexico, listed from northern to southern zones

Zone Ejido Site Elevation (masl) Latitude Longitude Forest dominance Samples (n)

North Santa Ana Llano1 3177 19.6526 −100.2739 Fir 4

Llano2 3049 19.6497 −100.2702 Fir 6

Nazareno La Cueva1 3049 19.6668 −100.3021 Fir 4

La Cueva2 2877 19.6687 −100.3063 Fir 3

Chincua Remplaces 3104 19.7067 −100.2893 Pine–fir 6

Remplaces2 3063 19.7080 −100.2908 Pine–fir 6

Mojonera 3019 19.7104 −100.2914 Pine–fir 5

Loma En Medio 3009 19.7132 −100.2916 Pine 3

Central El Rosario El Deslave 3227 19.5901 −100.2580 Fir 3

La Peñita 3251 19.5896 −100.2568 Fir 2

Las Palmas 3200 19.5892 −100.2591 Fir 7

Santuario3 3149 19.5889 −100.2614 Fir 3

Santuario2 3120 19.5891 −100.2649 Pine–fir 3

Santuario1 3109 19.5893 −100.2653 Pine–fir 3

El Paso La Mesa 2935 19.5542 −100.2828 Pine–fir 10

Cruz Chiquita 2896 19.5534 −100.2955 Pine–fir 6

Crescencio Choreje Grande 3115 19.5308 −100.2228 Pine–fir 3

Choreje Chico 2850 19.5259 −100.2263 Pine–fir 3

Donaciano Ojo de Agua 2851 19.5196 −100.2812 Pine 3

South Vare Antenas 3273 19.3768 −100.2124 Fir 2

Vare2 2850 19.3768 −100.1980 Pine 8

Vare1 2780 19.3761 −100.1975 Pine 9

Vare3 2732 19.3758 −100.1965 Pine 7
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and ENSO (Brewer et al. 2016). The tree-ring width
index of a chronology developed for A. religiosa and P.
pseudostrobus in the MBBR was used as a precipitation
proxy, covering the period 1890 to 2012 (Carlón-Allende
et al. 2016). Values for the winter–spring (December to
April) period (1870 to 2015) of the ENSO index were
used, with data for the period 1870 to 1950 obtained
from Cook (2000), and for the period 1951 to 2015
from NOAA (2017). The tree-ring width and ENSO
indexes were compared with the fire chronology of
five years previous, during the year of fire, and two
years later. The confidence intervals of the SEA ana-
lysis (95%, 99%, and 99.9%) were calculated using the
bootstrapping with 10 000 repetitions. Only years
with scars present in ≥25% of samples were used for
these analyses.

Fire, climate, and tree establishment patterns
The occurrence of fires was compared graphically
with the tree-ring index (precipitation proxy) and
the tree age structure to evaluate whether fires were
associated with dry periods and the existence of
pulses or continuous tree establishment. For the
tree-ring width index, years with a mean value <1
were considered dry (Carlón-Allende et al. 2016).
Tree establishment data of both conifer species were
obtained from our 110 cross-sections and comple-
mented with age structure data previously collected
in the MBBR by Sáenz-Ceja (2015) and Carlón-Allende
et al. (2016), in sites where our fire scar sampling was

conducted (Table 2). Age structure data were classified
according to the dominance of the stands (A. religiosa,
P. pseudostrobus, or codominated). No establishment
dates after 1991 are reported here because only trees
with diameters ≥25 cm at 1.3 m in height were sam-
pled. The youngest tree reported in these studies was
established in 1991.
The sampled trees represented only a portion of

the original trees established in the past, because
some trees could have died (Johnson and Fryer
1989). Hence, we estimated the original number of
trees established for each age using mortality rates
reported for Pinus spp. (Gama-Orozco 2009) and
Abies spp. (Ávila-Bello et al. 2015) populations of
central Mexico. We used the following formula:

Nxþ1 ¼ Nx � 1−Qxð Þ; ð1Þ

where Nx+1 = population size at time x + 1, Nx = popula-
tion size of age x, and Qx = mortality rate for age x.

Results
A total of 110 cross-sections were collected—50 of A. reli-
giosa and 60 of P. pseudostrobus—66 cross-sections came
from stumps and 44 cross-sections from felled trees from
a winter windthrow in 2016 (Table 1). In codominated
sites, 56% of cross-sections were from A. religiosa, with
the remainder from P. pseudostrobus. In mono-dominated
sites, all samples came from the dominant species. All col-
lected samples of both species were crossdated.
The diameter at the base of the stumps or felled trees in

A. religiosa ranged from 20 to 105 cm and averaged 62 cm.
Age ranged between 24 and 166 years, with a mean of 82
years. For P. pseudostrobus, the diameter at the base ranged
from 20 to 92 cm, with a mean of 52 cm. Age ranged be-
tween 32 and 132 years and averaged 75 years.
We crossdated a total of 326 fire scars and 239 fires.

There were 67 years with recorded fires, which repre-
sented 38.7% of the years covered by the time series
(137 years) from the first scar (1878) to the last scar
(2015). Almost one third (32%) of sampled trees had a
single fire scar. As the number of scars per individual in-
creased, the number of trees thus scarred decreased.
The maximum number of scars for an individual of A.
religiosa was 11 scars, while the maximum number of
scars in P. pseudostrobus was 8 scars.
In sites dominated by A. religiosa, fires spanned 94

years (1921 to 2015); in codominated sites, fires spanned
137 years (1878 to 2015); and in stands dominated by P.
pseudostrobus, fires spanned 109 years (1906 to 2015).
For further analyses, we only considered fire data start-
ing in 1925 because, before this date, only seven

Table 2 Forest type, number of trees cored, and names of
collecting sites in this and two previous studies in the Monarch
Butterfly Biosphere Reserve, Mexico

Studies Forest type Sampled
trees (n)

Sites

This study Fir forest 34 Nazareno, Santa Ana,
El Rosario, Vare

Mixed pine–fir
forest

45 Chincua, El Paso, El
Rosario, Crescencio
Morales

Pine forest 31 Chincua, Donaciano,
Vare

Sáenz-Ceja (2015) Fir forest 150 Vare

Mixed pine–fir
forest

275 Nazareno, El Paso

Pine forest 350 Chincua, Vare

Carlón-Allende
et al. (2016)

Fir forest 100 Santa Ana, Nazareno,
Vare

Mixed pine–fir
forest

63 Crescencio Morales

Pine forest 34 Donaciano Ojeda
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fire-scars were recorded and were not representative of
the fire history during that period.

Fire return intervals
Fire return intervals were similar in the three coniferous
forest of the MBBR. In A. religiosa-dominated sites, the
WMPI was 2.2 years. When only fires recorded on ≥10%
of samples (10% filter) were considered, the WMPI in-
creased to 3.7 years; and when only fires recorded on
≥25% of samples (25% filter) were considered, this value
increased to 14.6 years (Table 3). In the codominated
sites, the WMPI was 2.2 years considering all scars,
while for the 10% filter, the WMPI increased to 2.8
years. For the 25% filter, the WMPI was 7.5 years. In P.
pseudostrobus sites, the WMPI was 3 years (100% of
samples) and 4.3 years (10% filter). For fires recorded on
≥25% of samples, the WMPI increased to 10.4 years.
Grouping the sampled trees of the three coniferous for-
ests, WMPI was 1.5 years. When applying the 10% and
25% filters, the WMPI increased to 3.7 and 9.8 years,
respectively.
Minimum fire return intervals were similar across the

three forest types, ranging between one and two years.
Maximum fire return intervals varied according to the
proportion of trees analyzed and forest type. In the A.
religiosa-dominated sites, it was 6 years when consider-
ing all trees, 12 years for ≥10% of scarred trees, and 41
years for ≥25% of scarred trees. In codominated sites,
the maximum fire return interval was 9 years for all
scarred trees and for ≥10% of scarred trees, and

increased to 43 years when considering ≥25% of scarred
trees. In P. pseudostrobus-dominated sites, maximum
fire return intervals were 7 years when considering the
100% of fire scars, 15 years when considering only ≥10%
of scarred trees, and 50 years when considering ≥25% of
scarred trees. Grouping the trees of the three coniferous
forests, these values were 3 years for all trees, 10 years
using the 10% filter, and 43 years with the 25% filter.
During the analyzed period (1925 to 2015), sites domi-

nated by A. religiosa experienced 41 years with fires
when considering all trees, 24 years with fires affecting
≥10% of scarred trees, and only 6 years with fires affect-
ing ≥25% of scarred trees. In codominated sites, 38 years
were documented with fires when considering all trees
with scars, 30 years with fires in ≥10% of trees, and 9
years with fires in ≥25% of scarred trees. In P. pseudos-
trobus sites, there were 31 years with fires when consid-
ering all trees with scars, 21 years with fires in ≥10% of
scarred trees, and 5 fires in ≥25% of the samples.
There were 14 years in which all fire scars coincided

in trees across the three different dominance types com-
pared: 1936, 1947, 1957, 1969, 1974, 1979, 1986, 1991,
1994, 2001, 2004, 2006, 2013, and 2015. When only
≥10% of scarred trees were considered, there were six
years with fires: 1936, 1969, 1979, 1991, 1994, and 2013.
For the scars present in ≥25% of scarred trees, there was
only one year with fires, 1936, but in 1938 and 1979,
there were fires recorded in both A. religiosa and codo-
minated sites.
Fires in the MBBR are frequent, since time return in-

tervals are always <15 years when ≤25% of scarred trees
are considered, and this estimate does not exceed five
years when all trees in the sample are included. In
addition, the fact that there were very few years in which
scar years coincided suggests that small fires were the
most common (Fig. 4).

Seasonality
The seasonality of fires was determined for all scars. No
scars were recorded in the periods of dormancy (D) or
latewood (L). In A. religiosa sites, 65.4% of sample scars
were formed during ME; in codominated sites, 72.5%;
and in P. pseudostrobus sites, 88.1%. In each forest type,
most of the scars were observed during the dry season:
83.1% in fir forest, 84.6% in pine–fir forest, and 92.8% in
pine forest. When grouping all the individuals, 72.4% of
the scars occurred in the ME period, and 86.3% in the
dry season (Table 4).

Fires and climate
In all three forest types, we did not find significant asso-
ciations between climatic conditions and fire occurrence
(P > 0.05 in all cases), even for the scars present in ≥25%
of scarred trees (i.e., for the most extensive fires; Fig. 5).

Table 3 Weibull median probability interval (WMPI) in years (yr
± one standard error of the mean), minimum interval (MIN), and
maximum interval (MAX), considering all fire scars sampled, only
those present in ≥10% of scarred trees, and only those present
in ≥25% of trees, in fir-, pine–fir-, and pine-dominated forests in
the Monarch Butterfly Biosphere Reserve, Mexico

Forest Analysis category WMPI (yr) MIN (yr) MAX (yr)

Fir All fire scars 2.2 ±1.2 1 6

≥10% of scarred trees 3.7 ±2.2 1 12

≥25% of scarred trees 14.6 ±13.4 2 41

Pine–fir All fire-scars 2.2 ±1.3 1 9

≥10% of scarred trees 2.8 ±1.5 1 9

≥25% of scarred trees 7.5 ±4.6 2 43

Pine All fire scars 2.9 ±1.4 1 7

≥10% of scarred trees 4.3 ±2.7 2 15

≥25% of scarred trees 10.4 ±14.3 2 50

All All fire scars 1.5 ±0.7 1 3

≥10% of scarred trees 3.7 ±2.3 1 10

≥25% of scarred trees 9.3 ±13.6 1 43
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Fires, climate, and tree establishment patterns
In stands dominated by A. religiosa, we found a continuous
pattern of tree establishment. There was a pulse of higher
regeneration in 1949 and 1950, which coincided with a
slight increase in precipitation, but it was not associated
with fires (Fig. 6a). In codominated sites, we also detected a
continuous pattern of tree regeneration that was not associ-
ated with fires. Between 1963 and 1976, regeneration ap-
pears to have responded positively to precipitation, but not
to fires (Fig. 6b). Finally, establishment was also continuous
in sites dominated by P. pseudostrobus, where we could not

associate regeneration peaks with either the occurrence of
fires or with precipitation (Fig. 6c).

Discussion
Fire regimes in the MBBR did not differ among for-
ests dominated by A. religiosa, P. pseudostrobus, or
codominated by both species. The current fire regimes in
these forests can be characterized by frequent, low-extent
fires, with greater occurrence during the dry season. This
contrasts with our hypothesis in which we expected that
forests dominated by A. religiosa experienced infrequent

Fig. 4 Fire chronology in the Monarch Butterfly Biosphere Reserve, Mexico, in fir forest (sites dominated by A. religiosa), mixed pine–fir forest (sites
codominated by both P. pseudostrobus and A. religiosa), and pine forest (sites dominated by P. pseudostrobus), for 100% of the fire scars samples, spanning
the years 1870 to 2015. Years in which ≥10% of trees were fire scarred are highlighted with heavy black bars (1936, 1969, 1979, 1991, 1994, and 2013)
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Table 4 Fire scar seasonality in the MBBR for the period 1920 to 2015, where D = dormancy, EE = early earlywood, ME = middle
earlywood, LE = late earlywood, L = latewood, dry season fires = EE + ME, and wet season fires = LE

Forest Identifiable season D EE ME LE LW Dry season fire scars Wet season fire scars

Fir

Number 107 0 19 70 18 0 89 18

Percentage 100 0 17.7 65.4 16.9 0 83.1 16.9

Pine–fir

Number 124 0 15 90 19 0 105 19

Percentage 100 0 12.1 72.5 15.4 0 84.6 15.4

Pine

Number 84 0 4 74 6 0 78 6

Percentage 100 0 4.7 88.1 7.2 0 92.8 7.2

All forests

Number 315 0 38 234 43 0 272 43

Percentage 100 0 12.6 72.4 15 0 86.3 13.7

Fig. 5 Superposed epoch analysis for the relationship between local precipitation (tree-ring width index; left panels), ENSO index (right panels),
and fire occurrence, for the period 1925 to 2015, in fir forest (sites dominated by A. religiosa), mixed pine–fir forest (sites codominated by both P.
pseudostrobus and A. religiosa), and pine forest (sites dominated by P. pseudostrobus), for fire scars recorded in >25% of scarred trees in the
Monarch Butterfly Biosphere Reserve, Mexico. Values above the mean (index = 1) represent wet years, while values below the mean represent dry
years. ENSO values above the mean (index = 0) represent La Niña conditions, while ENSO values below the mean represent El Niño conditions.
Precipitation and ENSO values represent climate conditions during the fire year (0), the 5 years preceding fires, and the 2 years after fires. The
lines above and under the x-axes correspond to the 95% confidence intervals
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fires. In addition, our results indicated that neither climate
nor ENSO strongly determined the presence of fires in the
coniferous forests of the reserve.
Fire regimes can be explained by large-scale, top-down

controlling factors, such as climate variability and global
circulation phenomena, and by local-scale, bottom-up
controlling factors, like primary productivity, availability
of dry fuels, sources of ignition, and legacies of forest man-
agement (Yocom et al. 2010). In our study, these climatic
and local factors appeared to be similar among pine, mixed

pine–fir, and fir forests. High fire frequency can be ex-
plained by the presence of plentiful sources of ignition, such
as agricultural burns, promotion of pasture for livestock
grazing, weed control, and extraction of non-timber prod-
ucts (Martínez-Torres et al. 2016), that could have triggered
more fires and reduced fuel load accumulation, reducing
the probability of moderate-severity fires, particularly in
mixed pine–fir and fir forests (Mallek et al. 2013). It is
also likely that the occurrence of frequent, low-extent
fires is associated with effective control and suppression

Fig. 6 Number of fires (orange bars), tree-ring width index as a proxy of rainfall (dotted line), and tree establishment (black bars) in (a) fir forest
(sites dominated by A. religiosa), (b) mixed pine–fir forest (sites codominated by both P. pseudostrobus and A. religiosa), and (c) pine forest (sites
dominated by P. pseudostrobus), in the Monarch Butterfly Biosphere Reserve, Mexico, as of 2015. Tree-ring width values above the continous black
line (mean = 1) indicate wet conditions, and below indicate dry conditions. After 1990, age structure is unknown because only trees with
diameter ≥25 cm at 1.3 m height were sampled at the time of data collection
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of fires (Cantú-Fernández 2013), strategies followed to
reduce the extent of fires, which do not differ among
the different vegetation types in the MBRR (Martínez-
Torres et al. 2015).
Fuel availability can also be explained by climate pat-

terns. In this region, 78% of rainfall occurs from July to
October, which means that, during the rest of the year,
fuels could reach the conditions that allow fire spread
(McKenzie 2004). Previous research has found no rela-
tionship between severity of droughts and fire frequency
in central Mexico (Pompa-García et al. 2017), which is
consistent with our findings. It confirms that fires in the
MBBR occur when rainfall is just below the annual aver-
age, and their incidence is not strongly related to severe
drought and ENSO fluctuations. It is interesting that,
during 1983 and 1998 (ENSO years), there was no con-
siderable increase in fires in the MBBR, which coincides
with observed fires in the highest Mexican mountain,
Pico de Orizaba (Yocom and Fulé 2012), but contrasts
with the atypical increases of fires in the rest of central,
southern, and northern Mexico (Rodríguez-Trejo and
Pyne 1999; Yocom et al. 2010).
Tree establishment in the three forest types was not

associated with fires. This contrasts sharply with the
synchrony between tree establishment and fire frequency
found in coniferous forests in northern Mexico (Fulé
and Covington 1997; Poulos et al. 2013). There are no
indications that forests dominated by A. religiosa require
high-magintude fires to promote regeneration but, ra-
ther, their regeneration is mediated by frequent
low-severity fires, just as observed in the lower elevation
pine-dominated forest. In addition, the age structure for
all three forest types was continuous, which indicated
that they were populations in continuous regeneration,
so there was a continuous supply of biomass (Margolis
et al. 2007). These factors imply that small-scale distur-
bances, such as frequent, low-extent fires, create gaps
with sufficient light and size conditions to promote tree
establishment (Frelich 2002). In fact, the recruitment of A.
religiosa seedlings is greater in canopy clearings associated
with small-scale disturbances, such as selective logging,
fuelwood collection, and thinning, than in the forest
understory (Ángeles-Cervantes and López-Mata 2009;
Guerrero-Vizcaíno 2016). Our results also suggest that
tree recruitment in the MBRR apparently is independent
from fire, since neither A. religiosa nor P. pseudostrobus
tree establishment is associated with cyclic fires.
It is important to point out that short fire return inter-

vals have been documented in high-elevation mountain
coniferous forests of northern (Yocom et al. 2017) and
central Mexico (Ortega-Jiménez 2012; Yocom and Fulé
2012; Cerano-Paredes et al. 2016). Furthermore, a latitu-
dinal gradient in the range of fire return intervals has
been proposed, with lower intervals in tropical areas

(SCF 2001; Sommers et al. 2011). Thus, this fire regime
could be a common condition of coniferous forests in sub-
tropical and tropical latitudes, where the contrast in the
annual seasonality of temperature and precipitation is of
lesser magnitude than in boreal or austral forests (García
2003). In fact, there are indications that fuel load dynamics
(production, decay) is faster than in high-latitude forests
(Quintero-Gradilla et al. 2015). Growth rates and popula-
tion dynamics of tropical conifers also appear to be faster
(Klepac 2001; Myers and Rodríguez-Trejo 2009). In fact,
dendrochronological studies confirm that some tropical
conifers barely reach 150 years of age, such as Pinus teo-
cote Schiede. ex Schltdl. & Cham. (López-Sánchez et al.
2017) and Pinus oocarpa Schiede ex Schetol (Villanueva-
Díaz et al. 2018). Hence, trees in the MBBR could be
young (less than 120 years of age), in part due to
rapid population replacement. The absence of ancient
stumps, which would have otherwise helped expand
our chronology, might be also associated with a fast
rate of decay (Cassell 2012). Therefore, frequent fire
could be a consequence of continuous biomass supply
and a fast fuel load replacement that hinders its accu-
mulation (Sah et al. 2006).
Although the biogeographic aspect can be a determining

factor in fire regimes in tropical coniferous forests, it has
also been suggested that fire regimes in these ecosystems
are mostly associated with human activity, given the long
history of management that these forests have experienced
(Myers and Rodríguez-Trejo 2009; Pompa-García et al.
2017). The MBBR is not an exception, since it has been an
important timber supply area for central Mexico since the
twentieth century, especially for forestry and mining
industries (Ibarra-García 2011), including fir forests, cur-
rently protected for the monarch butterfly migration. In
fact, we did not observe any changes in fire frequency, nei-
ther after 1986 when the fir stands surrounding monarch
butterfly colonies were protected, nor after 2000 when the
reserve obtained its current extent. This contrasts with
other natural protected areas in Mexico, such as Pico de
Orizaba (Yocom and Fulé 2012), Sierra de Manantlán
(Cerano-Paredes et al. 2015), or in areas dedicated to for-
estry, such as the Sierra de Oaxaca (Ortega-Jiménez 2012),
where a decrease in the number of fires has been observed.
Another indication that disturbance regimes have been
altered is the absence of long-lived trees, which can be
explained by the fact that trees with larger dimensions have
been extracted in the MBBR (Murillo-García 2009).
Unfortunately, the absence of natural and human dis-

turbance records in the MBBR, and the fact that our fire
chronology is no longer than 100 years, do not allow us
to detect a fire regime disruption. However, we suggest
that natural fire regimes in coniferous forests of the
MBBR have been altered. Montane tropical coniferous
forests share genetic, structural, and functional attributes
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with forests of higher latitudes (Aguirre-Planter et al.
2012; Aguirre-Gutiérrez et al. 2014). Therefore natural
fire regimes in Mexican coniferous forests could share
some attributes with those reported for higher-latitude
forests (Rodríguez-Trejo and Fulé 2003). Due to the
long-standing practice of forest management in Mexico
and particularly in the MBBR, it is likely that human dis-
turbances, such as logging, fire management, and firewood
collection, have limited the occurrence of high-magnitude
fires, especially in fir forests. In addition, the frequent fuel
consumption and the continuous extraction of wood bio-
mass allow the opening of clearings with sufficient light
conditions to promote tree establishment. These findings
suggest that forest management and active fire suppression
have replaced the role of fire as the main disturbance that
mediates regeneration of the coniferous forests of the
MBBR (Pérez-Salicrup et al. 2016).
Fire regimes are not static (Sommers et al. 2011), but

their alteration by human activities can exacerbate their
impact on forest communities (Buma 2015). On one
hand, an increase in the frequency of fires can limit the
establishment of species adapted to infrequent fires,
such as A. religiosa, which has already been reported in
the Nevado de Toluca (Endara-Agramont et al. 2012).
On the other hand, fire suppression, a policy widely
adopted in the MBBR (Cantú-Fernández 2013), could
generate an atypical accumulation of fuels, thereby in-
creasing the probability of stand-replacing fires, which in
turn could be particularly critical in A. religiosa-domi-
nated stands where the monarch butterfly hibernates
(Keiman and Franco 2004). In addition, as seen in other
conifer forests (Calder and St. Clair 2012), reduction in
the fire return interval could generate the gradual
replacement of populations, in this case, of A. religiosa
by P. pseudostrobus, particularly in stands codominated
by both species. Climate change could also generate an
elevational effect, as described above (Sáenz-Romero et al.
2012), as well as changes in the availability and moisture
of fuels (Sommers et al. 2011). Changes in fire regimes
could lead forests to alternative stable states (Scheffer et
al. 2001), altering vegetation structure, post-fire succession
patterns, stand density, spatial heterogeneity, and physi-
ognomy (Mallek et al. 2013).
Unfortunately, there is little information on fire re-

gimes and their effect on natural regeneration in trop-
ical coniferous forests, where ecological conditions
differ considerably from those of boreal or austral re-
gions (Myers and Rodríguez-Trejo 2009). In addition,
the effects of fire suppression in ecosystems adapted to
frequent and low-severity and low-intensity fires are
fully documented (Sherriff and Veblen 2006; Marlon et al.
2012; Lafon et al. 2017), but we have little information to
project the long-term effects of increased fire frequency in
coniferous forests in the tropics. Hence, it is difficult to

provide advice on fire management or on the reintroduc-
tion of fire, especially in the mixed P. pseudostrobus–A
religiosa-codominated stands. In the case of our study lo-
cations, human activities appear to be the most important
factor in limiting the occurrence of large-scale distur-
bances, while, through management actions, still allowing
the continuous regeneration of these conifers over time.
Finally, to have a more solid frame of reference in de-

cision making for forest management, it is necessary to
document the history of natural and human distur-
bances, including their synergies, at least in recent de-
cades. A better understanding of disturbance regimes is
fundamental to preserving the long-term integrity of the
forest where monarch butterflies hibernate. Likewise, it
is important to reconstruct and evaluate fire regimes,
particularly in other locations of montane tropical con-
iferous forests in Mexico, considering the current con-
text of global change (Gauthier et al. 2015).

Conclusions
The reconstruction of the history of fires in the MBBR
revealed that the forests dominated by P. pseudostrobus,
A. religiosa, or codominated by both species experienced
frequent, low-severity, and low-extent fires, which took
place mostly during the dry season. The occurrence of
fires was weakly associated with the presence of low
rainfall and climatic events, such as El Niño years. There
was no relationship between the patterns of establish-
ment of A. religiosa and P. pseudostrobus individuals
with fire occurrence, which suggests that the regener-
ation of both species does not currently depend on cyc-
lic fires but is associated with the frequency of other
natural or human-driven disturbances.
We suggest that fire regimes have been altered by hu-

man activities, particularly logging, which have likely
modified fuel loads, sources of ignitions, and regener-
ation patterns that directly affect the frequency, severity,
and extent of fires. These human disturbances may have
replaced the role of fire to trigger regeneration of A. reli-
giosa and P. pseudostrobus. More research is needed on
fire regimes in other tropical coniferous forests, and it is
critical to further evaluate the effect of natural and
human disturbances, as well as their synergies, on the
regeneration of coniferous species.
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