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ABSTRACT 

Fire scar analysis is a fundamental tool for reconstructing fire regimes in conifer forests. However, 
little is known about fire scar properties in tropical montane conifers, where some assumptions 
limit dendroecological research. These include that fir species do not exhibit external fire scars and 
that pines without external fire scars have not experienced past fires. This study describes fire scar 
patterns in two conifer species growing in Mexican temperate forests: sacred fir (Abies religiosa) and 
smooth-bark Mexican pine (Pinus pseudostrobus). We extracted cross-sections from 110 trees and 
measured tree age, basal diameter, bark thickness, fire scar size and seasonality, the number of 
scars per tree, years and basal diameter from pith to the first scar, and the proportion of external 
and buried fire scars. Most trees had three fire scars, which appeared during the dry season after 
the first 15 years measured from the pith. Old and large-diameter trees did not have more fire 
scars, but the time between fire scars influenced fire scar closure in sacred firs. Bark thickness and 
the proportion of visible and buried fire scars were similar in both species. Our results suggest that 
the absence of visible fire scars in smooth-bark Mexican pines does not imply the absence of fire, 
and sacred firs can exhibit external fire scars like pines.  

Keywords: bark thickness, conifer, dendrochronology, fire regime, Monarch Butterfly 
Biosphere Reserve, tree ring, tropical montane forest, wound closure. 

Introduction 

Fire is a fundamental ecosystem process that shapes the structure, function, and regener
ation of conifer forests (Frelich 2002). Analysis of fire-scarred trees is the most used 
method to reconstruct fire regime properties such as return interval, seasonality, extent 
and spatial aggregation (Agee 1993; Yocom-Kent 2014). Fire scars occur when fire 
damages vascular tissues. Then, trees produce chemical substances that inhibit rot and 
fungal infections. In some cases, subsequent wound wood tends to bury fire scars 
gradually (Arbellay et al. 2014). Resin production can inhibit their total closure, which 
generates exposed fire scars, colloquially known as ‘cat faces’ (Arno and Sneck 1977). 

Wound closure of fire scars can take from a few years to decades, depending on the 
species response (Smith et al. 2016), fire recurrence and size of the fire scars, large scars 
being more difficult to cover (Baker and Dugan 2013). In addition, trees with thick bark 
are less susceptible to fire scarring (Hoffmann et al. 2003). Bark thickness can be an 
adaptation to local fire regimes as species in fire-prone ecosystems generally exhibit thick 
bark. Still, bark thickness varies across tree species and stem diameter (Lawes 
et al. 2013). 

While sampling fire-scarred trees, researchers try to capture the longest and most 
complete fire historical record (Swetnam and Baisan 1996; Yocom-Kent and Fulé 2015). 
Consequently, sampling sites are frequently limited to areas that contain visible fire scars 
(Fulé et al. 2003). Furthermore, as old and large trees tend to have more fire scars 
(Gutsell and Johnson 1996), trees with multiple external fire scars are sampled over those 
with buried fire scars (Farris et al. 2013). 
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Moreover, high-elevation and mesic forests are 
assumed not to contain trees with fire scars because 
these ecosystems tend to be associated with stand- 
replacement fire regimes (Agee and Krusemark 2001;  
Guyette et al. 2006). However, in some regions or species, 
the absence of visible fire scars does not necessarily imply 
a lack of past fires (Stephens et al. 2010). For example, in 
longleaf pine (Pinus pallustris Mill.) and slash pine (Pinus 
elliottii Engelm.), it is common to find abundant buried fire 
scars (Stambaugh et al. 2011; Huffman and Rother 2017). 
In contrast, in most pine species, abundant resin produc
tion could hinder the total healing of fire scars (Chano 
et al. 2015). Hence, if these assumptions are strictly 
applied, sites or forests that experienced past fires but 
whose trees have buried fire scars may not be evaluated, 
limiting our ecological understanding of fire frequency 
(Yocom-Kent and Fulé 2015). 

Montane tropical forests are ecosystems for which inter
est in reconstructing fire regimes has increased recently, 
such as those located in the temperate highlands of central 
Mexico (Sáenz-Ceja and Pérez-Salicrup 2019a). These are 
relict forests from the last glaciation period and host high 
pine species diversity (Farjon 1996). Most of the recon
structed fire regimes have focused on pine species (Yocom 
and Fulé 2012; Cerano-Paredes et al. 2015; Sáenz-Ceja and 
Pérez-Salicrup 2019b). In contrast, studies on other conifers, 
such as the Abies species, are very few in these ecosystems 
because it has been assumed that these experience stand- 
replacement fires (Rodríguez-Trejo 2008), and forest 
legacies decay quickly owing to moist conditions (Moreno- 
Valdez et al. 2018). 

Sacred fir (Abies religiosa [H.B.K.] Schlecht et Cham) and 
smooth-bark Mexican pine (Pinus pseudostrobus Lindley) are 
two conifer species widely distributed in temperate forests 
in central Mexico. Field-based observations and two recent 
fire chronologies confirm the possibility of reconstructing 
fire regimes by analyzing fire scars in trees of both species 
(Sáenz-Ceja and Pérez-Salicrup 2019b; Cerano-Paredes et al. 
2021). However, little is known about the characteristics of 
fire scars in samples obtained from the two species, infor
mation that could be useful when conducting field sampling 
in dendroecological research. 

The main objective of this study was to characterize fire 
scar patterns in A. religiosa and P. pseudostrobus trees. First, 
we describe fire-scarred tree properties such as age, stem 
diameter, and bark thickness. Second, we focus on the fol
lowing fire scar properties: seasonality, size, number of scars 
per tree, age and basal diameter to first fire scar, and 
proportion of external and buried fire scars. Finally, we 
assess the relationships between (1) bark thickness and 
stem diameter and tree age; (2) number of fire scars with 
tree age, stem diameter, and bark thickness; (3) fire scar size 
and basal diameter; and (4) the proportion of external and 
buried fire scars with fire scar size, number of years between 
fires and bark thickness. 

Methods 

Study area 

This study was conducted in the Monarch Butterfly 
Biosphere Reserve (MBBR), located within the boundaries 
of the states of Mexico and Michoacán, within the Trans- 
Mexican Volcanic Belt (TMVB), in central Mexico. This 
protected area hosts the overwintering sites of monarch 
butterflies (Danaus plexippus Linnaeus), which arrive annu
ally from forests in Canada and the United States and over
winter in the MBBR from November to March (Urquhart and 
Urquhart 1977). The MBBR covers 56256 ha and occupies 
the Sierras Chincua, Campanario, Chivati-Huacal and Cerro 
Pelón, and an external portion located in the northeast 
known as Cerro Altamirano (Fig. 1). 

The reserve is characterized by rugged topography, con
sisting of lava flows and volcanic cones; the altitude ranges 
between 2200 and 3640 m. The climate is semi-cold in the 
northern portion, and temperate-subhumid in the southern 
part (García 1997; Ramírez-Ramírez 2001). Conifer forests 
are the main vegetation cover, of which 12% is dominated by 
Abies religiosa (3150–3300 m), 27% is co-dominated by both 
species (2850–3150 m), and 33% is covered by Pinus pseu
dostrobus (2400–2850 m). The remaining vegetation types 
include oak forests, montane cloud forests, grasslands and 
tropical deciduous forests (Ibarra-Manríquez and Cornejo- 
Tenorio 2007; Sáenz-Ceja and Pérez-Salicrup 2020). 

Although an official fire suppression policy has been in 
place since the current extent of the MBBR was decreed in 
2000, fires are common in the conifer forests, generally asso
ciated with agricultural activities, improvement of pasture 
growth, road clearing, and campfires (Martínez-Torres et al. 
2015). Sacred fir, smooth-bark Mexican pine, and mixed 
fir–pine forests typically experience frequent (2–3 years 
mean fire-return intervals), low-intensity, and small fires, 
whose occurrence has not decreased since the decree creating 
the MBBR (Sáenz-Ceja and Pérez-Salicrup 2019b). 

Collection and dating of fire scars 

Throughout the MBBR, we established 23 sampling plots 
(Fig. 1), located on stands dominated by A. religiosa, 
P. pseudostrobus, or co-dominated by both species (see 
Supplementary Table S1). The sampling plots were selected 
according to testimonies of landowners who indicated the 
location of sites that experienced fires. Within each plot, we 
recorded the presence of fire-scarred stumps and logs with 
visible and buried fire scars, following Huffman and Rother 
(2017). The latter found that targeting only trees with evi
dence of external scarring is not effective when buried fire 
scars are abundant. Owing to environmental restrictions on 
sampling living trees, only logs or stumps were sampled, 
including logs derived from a severe winter storm in 2016 
that caused high tree mortality (Brower et al. 2017). 
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We identified the species of each log or stump, measured 
the basal diameter and collected one cross-section per tree 
with a chainsaw. We obtained 110 cross-sections, 60 from A. 
religiosa and 50 from P. pseudostrobus; 66 cross-sections 
came from stumps and 44 from logs. Of these, 46% showed 
rotten wood and very deep fire scars. All samples were 
dried, sanded and polished following dendrochronological 
standards (Stokes and Smiley 1968; Speer 2010). 

We cross-dated all cross-sections, building skeleton plots 
for each sample whose pattern of thin rings was compared 
with a local master chronology (Carlón-Allende et al. 2016). 
These skeleton plots were useful for cross-dating stumps. 
Fire years were identified, characterized by charcoal traces 
and woundwood formation (Gutsell and Johnson 1996). We 
also measured bark thickness at seven equidistant points of 
the cross-sections with an electronic Vernier and estimated 
the relative bark thickness (ratio of bark thickness to stem 
radius) of each fire scar sample (Schafer et al. 2015) 

We determined the number of fire scars and the years or 
basal diameter from pith to the first fire scar for each tree. 
The seasonality of fire scars was recorded according to their 
position within the annual growth ring, classified as follows: 
D, dormancy; EE, earlywood; ME, middle of earlywood; LE, 
late earlywood; and L, latewood (Baisan and Swetnam 1990). 
Following Cerano-Paredes et al. (2015), we determined fire 
scars occurring during the dry season (March–June) by sum
ming EE + ME fire scars and those occurring in the wet 
season (July–October), which corresponded to LE fire scars. 

We also calculated the proportion of external and buried 
fire scars in both species (Fig. 2). As our samples included 
individuals from several diameter categories, the size of fire 
scars was estimated by dividing the arc length of each fire 

scar by the circumference of the tree with that fire scar 
(Marschall et al. 2014). 

Data analyses 

All statistical analyses were performed in R version 3.4.3, 
using a 95% confidence level (R Development Core Team 
2017). The relationships between the number of fire scars, 
tree age and basal diameter were tested through linear regres
sions (lm function). In addition, the relationships between 
bark thickness, tree age and stem diameter were evaluated 
with non-linear regressions (nls function). However, as stem 
diameter can influence bark thickness, we also assessed sig
nificant differences in relative bark thickness between species 
(Schafer et al. 2015). First, we established three diameter 
categories: 0–30, 30–60, and>60 cm; then, we performed an 
analysis of variance (aov function) and assessed differences 
between categories with a Tukey test (TukeyHSD function). 

In addition, we assessed the relationship between fire scar 
size and basal diameter when fire-scarred through a non- 
linear regression (nls function). Also, significant differences 
in the frequency of external and buried fire scars for both 
species were evaluated with an independence test (chisq.test 
function). Finally, we assessed whether the proportion of 
external or buried scars was influenced by the size of fire 
scars, number of years between fire scars and bark thickness 
using generalized non-linear models (gam function). 

Results 

The approximate age of Abies religiosa trees ranged from 
24 to 166 years and averaged 83 years, showing a 
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Fig. 1. Location of the Monarch Butterfly 
Biosphere Reserve, central Mexico, and sampling 
plots for extracting cross-sections.    
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symmetrical distribution aggregated around the mean, in 
which 63% of trees had an age between 60 and 90 years. 
The approximate age of Pinus pseudostrobus ranged from 
32 to 130 years, averaging 78 years, and had a right- 
skewed distribution in which 50% of trees had an age 
between 60 and 115 years (Fig. 3a). A. religiosa trees had 
basal diameters varying from 19 to 105 cm, with a mean of 
62.8 cm, and a left-skewed distribution. The basal diame
ter in P. pseudostrobus trees ranged from 20 to 92 cm, 
averaging 47.7 cm, and had right-skewed and dispersed 
age distribution, in which 50% of trees had diameters 
ranging 40–65 cm (Fig. 3b). 

Bark thickness averaged 22.3 mm in A. religiosa and 
21.7 mm in P. pseudostrobus trees. Bark thickness was influ
enced by stem diameter in A. religiosa (r2 = 0.40, 
F = 32.94, P < 0.05) and P. pseudostrobus (r2 = 0.18, 
F = 5.28, P < 0.05) (Fig. 3c). In contrast, no relationship 
was found between bark thickness and tree age in both 
species. Significant differences were found in relative bark 
thickness between stem diameter categories (F = 12.96, 
P < 0.05) but not between species (Fig. 3d). 

The total number of fire scars identified, including both 
species, was 326; the oldest dated from 1878 and the most 
recent from 2015. The seasonality was determined for all 
fire scars: 68.4% of A. religiosa and 78.5% in P. pseudostro
bus belonged to the ME period. Most fire scars appeared 
during the dry season, 76.7% for A. religiosa and 82.4% for 
P. pseudostrobus samples (Table 1). 

The number of fire scars per tree showed a right-skewed 
distribution in both species, in which 34% of A. religiosa 
trees and 32% in P. pseudostrobus had one fire scar. 

The maximum number of fire scars per tree was 11 in A. 
religiosa and 8 in P. pseudostrobus, but 72% of samples had 
up to three scars in the former species and 76% in the latter 
(Fig. 4a). No significant relationship was found between the 
number of fire scars, tree age, basal diameter and bark 
thickness in both species. 

The first fire scar appeared within the first 10 years from 
the pith year in 18% of A. religiosa trees, although the 
mean was 39 years, whereas in P. pseudostrobus, the 
mean was 33 years, but 18% of trees had their first scar 
before 15 years from the pith (Fig. 4b). Furthermore, the 
first fire scar appeared in trees with a basal diameter 
greater than 10 cm in both species. Most trees (46% of A. 
religiosa and 64% of P. pseudostrobus) recorded their first 
fire scar with basal diameters between 10 and 30 cm 
(Fig. 4c). 

The percentages of external fire scars were similar in both 
species, 55 and 56% of samples for A. religiosa and P. 
pseudostrobus, respectively, with no significant differences. 
The length of the fire scars was significantly, although 
weakly, correlated with basal diameter in both A. religiosa 
(r2 = 0.04, t = −2.596, P < 0.05) and P. pseudostrobus 
(r2 = 0.14, F = −4.404, P < 0.05) (Fig. 5a). Also, no rela
tionship was found between the fire scar size and the num
ber of external and buried scars in both species (Fig. 5b). 
The number of external fire scars in A. religiosa samples 
decreased considerably after 10 years without fire scarring 
(d.f. = 236, t = −4.464, P < 0.05). In contrast, in P. pseu
dostrobus, the number of external and buried fire scars was 
independent of the number of years between fire scars 
(Fig. 5c). 
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Discussion 

The forest structure in the MBBR is composed of young 
conifer populations as few trees were older than 120 years, 
which reflects a rapid population replacement (Sáenz-Ceja 
and Pérez-Salicrup 2020). The low proportion of multi- 
scarred trees is consistent with this population pattern and 
may explain why most trees have less than four fire scars. 
This could be a substantial limitation to reconstructing lon
ger fire chronologies in the MBBR; a similar pattern is found 
in Mexican tropical conifer forests, where fire chronologies 

do not exceed 150 years (Cerano-Paredes et al. 2015;  
Cerano-Paredes et al. 2016). 

Many fire scar properties are shared by Abies religiosa 
and Pinus pseudostrobus. For example, most fire scars were 
formed in the dry season, which is the period yearly with the 
most fire occurrences in the MBBR (Martínez-Torres et al. 
2015). The oldest or largest-diameter trees do not necessar
ily have more fire scars. This is consistent with findings in 
ponderosa pine (Pinus ponderosa Douglas ex Lawson), indi
cating that tree size or age is not a helpful criterion to select 
fire-scarred samples (Yocom-Kent and Fulé 2015). 
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Approximately one-fifth of the trees had their first scar from 
the pith within the first 15 years, contrasting with the results by  
Baker and Ehle (2001), who suggested a minimum fire-free 

period of 50 years is necessary for a ponderosa pine tree to 
survive a fire in the western US. Moreover, the first scar 
appeared after the tree diameter was larger than 10 cm, imply
ing that smaller trees are more likely to be killed by fire 
(Guyette and Stambaugh 2004). Many Mexican tropical coni
fers, such as A. religiosa and P. pseudostrobus, have higher 
growth rates than trees living in extra-tropical latitudes (Klepac 
2001; Méndez-González et al. 2011), which may explain that 
young trees could resist low-intensity fires. The rest of the trees 
showed their first fire scar after 15 years from the pith. 
However, these intervals should not be interpreted as years 
without fires because a large proportion of trees that experi
enced fire do not always produce fire scars, as shown in Jeffrey 
pine (Pinus jeffreyi Grev. & Balf.) (Stephens et al. 2010). 

The percentage of buried fire scars was very similar in 
both species. Unlike the size of fire scars, the only variable 
that influenced the closure of fire scars was the number of 
years between fire scars. That was only true for A. religiosa, 
in which 10 years after the last fire the proportion of 
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Table 1. Fire scar seasonality in fire-scarred samples collected 
from Abies religiosa and Pinus pseudostrobus in the Monarch Butterfly 
Biosphere Reserve, Mexico.     

Fire scar characteristic Abies 
religiosa (%) 

Pinus 
pseudostrobus (%)   

Fire scar position  

Earlywood (EE) 23.3 3.9  

Late earlywood (LE) 8.3 17.6  

Middle of earlywood (ME) 68.4 78.5 

Fire scar seasonality  

Dry season (EE + ME) 76.7 82.4  

Wet season (LE) 23.3 17.6   
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external fire scars decreased considerably. This suggests that 
new tree ring growth can conceal fire scars in A. religiosa 
trees during this time without scarring. This wound closure 
time is consistent with that observed in white oak (Quercus 
alba L.) (1–24 years) (Stambaugh et al. 2017) and shorter 
than in ponderosa pines (>55 years) (Baker and Dugan 
2013). These findings confirm that many fire scars in 
P. pseudostrobus are buried and not visible, and A. religiosa 
experiences and records surface fires as external fire scars. 

Both A. religiosa and P. pseudostrobus exhibited thick 
bark, an adaptive trait related to trees growing in sites 
with frequent and low-intensity fires (Pausas 2015). This 
pattern was also found in Hartweg’s pine (Pinus hartwegii 
Lindley) in alpine forests of central Mexico, species that 
experience a similar fire regime and had an average bark- 
thickness of 38 mm (González-Rosales and Rodríguez-Trejo 
2004; Cerano-Paredes et al. 2016). Similarly, in Douglas fir 
(Pseudotsuga menziesii Franco) trees, bark was 37% ticker 

than in white fir (Abies concolor (Gordon et Glendinning) 
Hildebrand) trees, the second species being less exposed to 
fires (Zeibig-Kichas et al. 2016). 

In terms of forest management, the fire scar properties 
described in this study in A. religiosa and P. pseudostrobus 
could help assess how fire affects trees in temperate forests 
of central Mexico. For example, as trees with a basal diame
ter larger than 10 cm can survive fire, this information could 
be relevant when conducting prescribed burns to regulate 
fire intensity and keep tree densities at desired levels 
(Guyette and Stambaugh 2004). However, more research 
is needed, particularly on how an increase in fire frequency 
and subsequent fire scarring could alter tree stability, mak
ing them more vulnerable to windthrow (Cannon et al. 
2015). In the case of the MBBR, a potential increase of 
mortality in fire-scarred sacred fir trees due to windthrow 
could alter long term the population structure of the species 
preferred by monarch butterflies for perching. 
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Fig. 5. (a) Basal diameter when fire- 
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scar healing and fire scar size; and 
(c) relationship between the number of 
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A. religiosa (n = 60; left panels) and P. pseu
dostrobus (n = 50; right panels).    
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In the context of dendroecological sampling, it is neces
sary to evaluate the proportion of trees that record fire in 
the form of a fire scar and how long those scars are visible, 
which is particularly important in areas where tree growth 
is accelerated, and scars can be concealed. Without this 
information, we could potentially underestimate fire fre
quency (Stephens et al. 2010). The present study demon
strated that the absence of external fire scars in 
P. pseudostrobus samples does not necessarily indicate a 
lack of fires. Indeed, frequent small fires are common in 
the MBBR. A. religiosa trees can also exhibit external and 
buried fire scars, which unlocks the opportunity for dendro
chronological sampling in other sites dominated by the same 
or related species in tropical montane conifer forests. 

Conclusions 

Fire-scarring patterns were very similar in Abies religiosa 
and Pinus pseudostrobus scarred trees, with up to three fire 
scars per tree. The first fire scar appeared after the first 
15 years from the pith; they are produced in the dry season 
and could be external or buried, independently of scar size. 
Larger and older trees do not necessarily have more fire 
scars, and the absence of multi-scarred trees makes it diffi
cult to build chronologies longer than 150 years. Also, the 
finding of external and internal fire scars in A. religiosa and 
P. pseudostrobus has changed previous assumptions about 
fire-scarring patterns in each species, which has relevance in 
further dendroecological research on these species and 
others in similar conifer forests. 

Supplementary material 

Supplementary material is available online. 
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