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To sustainably manage forests, it is important to understand the historical fire

regimes including the severity, frequency, seasonal timing of fires as well as

the relationship between climate and fire in order to develop management

plans that mimic and/or complements the natural disturbance pattern. The

objectives of this study were to reconstruct the natural fire regime within

a Pinus lumholtzii site in order to understand the fire regimes within this

forest type as well as adjacent high timber value mixed-pine forests where

historical fire regimes are not available due to past timber harvesting activities.

Using 36 fire-scarred trees, we reconstructed the historical fire regimes in

San Dimas, Durango, México for the last 238 years. We found a pattern of

frequent fires but an absence of fire since 1962, with most fires (98%) being

recorded in the spring season. The lack of fire for over six decades within

these historically frequent fire forests could result in high fuel accumulation.

Such conditions in combination with increasing temperatures and aridity in the

region could increase the risk of high severity wildfires that could jeopardize

the sustainability of these forests and the human communities that these

forests support.

KEYWORDS
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Introduction

Timber harvesting within forested ecosystems has a long human history. Over time

however, intensively managed forests tend to lose many important properties including

productivity, diversity, and ultimately health and resilience. In turn, such forests are

more prone to large-scale disturbances and potential-type conversion threatening their

sustainability (Coop et al., 2020). To create long-term sustainable forests, it is important
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to understand the dynamics of those forests including natural

disturbances such as fire (Agee, 1993; Allen et al., 2002) and the

climate-fire relationship (Brown et al., 2008; Yocom et al., 2010;

Falk et al., 2011; Cerano-Paredes et al., 2019).

In general, fire regimes within forested systems often dictate

species composition, with pines generally dominating in areas

with high fire frequencies (Fulé and Covington, 1997; Swetnam

and Betancourt, 1998; Brown andWu, 2005; Iniguez et al., 2016).

To sustainably manage forests, it is important to understand

the historical fire regimes including the severity, frequency,

and seasonality as well as the relationship between climate

and fire, in order to develop management plans that mimic

and/or complements natural disturbance patterns (Agee, 1993;

Allen et al., 2002; Fagre and Peterson, 2002). This strategy, in

turn, allows for optimal forest health which makes forest more

resilient to other potentially devastating disturbances such as

climate change (Agee and Skinner, 2005). It is also important

to understand how these fire regimes vary over time and in

particular, how these regimes have changed recently due to social

and political pressures (Covington et al., 1997; Heyerdahl and

Alvarado, 2003; Yocom Kent et al., 2017).

Timber production is one of the primary economic factors in

Mexico’s Sierra Madre Occidental (SMO), highlighting the need

to develop sustainable forest management plans based on an

understanding of natural fire regimes. Timber harvesting within

the Sierra Madre Occidental varies widely, but in general based

on selectively thinning a percentage of the standing timber,

targeting older or damaged individuals (Torres-Rojo et al., 2016;

Quiñonez-Barraza et al., 2018). However, most often residual

slash remains on-site increasing the amount of fuel within these

forests. Timber harvesting has significantly reduced the amount

of undisturbed natural areas (González Elizondo M., et al., 2017;

González-Elizondo M. S., et al., 2017). As a result, fire regimes

within these high-value timber-producing forests are unknown.

Pinus lumholtzii, however, has low commercial value and is a

quasi-endemic species of the SMO, meaning that it is found

outside SMO but is very rare. Pure Pinus lumholtzii forests

consisting of small stands surrounded, but are often adjacent

to mixed-pine forest stands, that include P. durangensis and

P. cooperi, which are important high-value commercial species

(Pompa-García et al., 2013; Graciano-Ávila et al., 2020). Due to

the low commercial value of Pinus lumholtzii, it is still possible

to find sites with long and well-preserved fire scar records

(González-Elizondo M. S., et al., 2017; Cerano-Paredes et al.,

2022). Some previous dendrochronological studies report that

this species can live for over 300 years (Chávez-Gándara et al.,

2017; Villanueva-Díaz et al., 2018). Given the close proximity

of these forest types, the lack of barriers to fire spread between

forest types and similarity in species traits, it is resealable to

assume that these forests shared similar historical fire regimes

particularly fire frequencies and seasonality. Therefore, the

information generated in P. lumholtzii forests is the only source

of information available for understanding the role of fire within

these forested landscapes as a whole. Understanding the role

of fire and if/how fire regimes have changed is important

information that allows forest and firemanagers to develop plans

that sustain these ecologically and commercially valuable forests

into the future.

Unlike similar dry forests in the western United States,

where fire regimes changed within a short period after the

completion of the railroad, fire regime changes in northern

Mexico vary in both time and space (Heyerdahl and Alvarado,

2003; Yocom Kent et al., 2017). For example, continuous or

unaltered fire frequencies have been reconstructed within some

sites in the SMO (Cerano-Paredes et al., 2010; Fulé et al.,

2011; Molina-Pérez et al., 2017). However, in many other sites,

abrupt changes in fire frequencies have been reconstructed with

the timing often differing between sites (Fulé and Covington,

1997, 1999; Heyerdahl and Alvarado, 2003; Fulé et al., 2005;

Cerano-Paredes et al., 2019). Given the importance of fire

and the consequences of altered fire intervals, it is critical to

determine not only if fire regimes changed but when those

changes occurred, in order to evaluate forest structure changes

and develop sustainable management plans moving forward.

The objectives of this study were to:

(1) determine the natural fire regimes (severity, seasonality,

and frequency of fires) within a pure P. lumholtzii site in

the Sierra Madre Occidental of northern Mexico,

(2) determine if (and when) these natural fire regimes

changed in the last century,

(3) determine the role of climate patterns in dictating

fire occurrence.

Given the consequences of fire frequency changes within

similar dry forests in the western U.S., including potential-

type conversion and non-sustainable forests, it is clear that

understanding fire regimes and their changes is a critical need

in developing sustainable forest plans particularly in the face of

climate change.

Methods

Study area

The study area was located in Río de Miravalles, San Dimas,

Durango, Mexico, within the Sierra Madre Occidental, at an

altitude of 2,500m above sea level. The geographic coordinates

of the site are 24◦ 18’ 59.4” N and 105◦ 34’ 50.5” W (Figure 1).

The climate is temperate-humid with summer rains, and an

average annual temperature of 18◦C, with the temperature of

the coldest month ranging from −3 to 18 ◦C. In contrast,

temperatures in the warmest month range from 22 to 33◦C. The

mean annual precipitation varies from 500 to 1,500mm, with

precipitation in the driest month being less than 40mm (García,
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FIGURE 1

Study site location in the northern Mexico (A) and within the state of Durango (B). Location on 40 fire scarred trees collected within the 50-ha
study site at Río de Miravalles (C).
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FIGURE 2

Field photos of a live Pinus lumholtzii tree growing in rocky soils (A). Fire-scarred samples were collected from a combination of down logs (B)
and standing live tree (C). Example of fire-scar sample that has been collected, prepared, and cross-dated using dendrochronological
techniques, with this particular individual having 11 fire-scar dates (D).

2004). Two types of soil are found in the study area, luvisol

and regosol. Luvisol soils occur on flat or slightly sloping terrain

(IUSS, 2015). Regosol soils, which are fragile and susceptible to

erosion, are common in arid areas and mountainous terrain,

which have a low moisture retention capacity (IUSS, 2015).

The Pinus and Quercus genera represent more than 70% of the

vegetation in the study area although pines tend to dominate

the overstory while oaks dominate the understory. Among the

most common species are Pinus lumholtzii, Pinus cooperí C.E.

Blanco, Pinus durangensis Martínez and Fern., Pinus teocote

Schlecht and Cham. and Quercus rugosa Nee. In particular P.

lumholtzii, occurs as small stands on rocky and shallow soils

(Rzedowski, 1978).

Field method

At the study site, we collected fire-scar samples within

an area of approximate 50 ha (Figures 1, 2), using a selective

sampling strategy. That is, within the study site, we selected trees

based on specific characteristics including: evidence of fire scars,

number of scars, and longest-lived trees (Figures 2C,D) (Arno

and Sneck, 1977; Cerano-Paredes et al., 2020). A total of 40

fire-scarred samples were collected, including eight partial cross-

sections from live trees (Figures 2A,C) and 32 dead tree cross-

sections from stumps, logs, or standing snags (Figure 2B). The

sampling focused primarily on dead trees to minimize potential

damage to live trees (Baisan and Swetnam, 1990).

Laboratory method

In the laboratory, severely damaged samples (rotten and

sectioned) were glued together and stabilized by mounting

them on plywood. Once stabilized, each sample was cut to a

uniform thickness between 3 and 5 cm, and polishing using

sequentially finer sandpaper ranging from coarse (30 grit) to

fine grain (1,200 grit). This process allowed for clear visibility

of tree-ring growth structures, including fire-scar formations.

The dating of each sample was carried out using standard
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FIGURE 3

Fire history timeline in a Pinus lumholtzii forest site in Rio Miravalles, San Dimas, Durango. (A) Percentage of recording fire scarred trees (blue
line) and percent of trees that recorded a fire by year. (B) Individual fire-scarred tree timeline represented by horizontal lines in blue and vertical
black dashes representing fire-scars recorded by that tree. Year when 10% or more trees recorded a fire are displayed along the bottom of the
graph. The orange highlighted area indicates more extensive fire years. The green-highlighted area shows a period without extensive fires and a
change in fire frequency after 1962.

dendrochronological techniques (Stokes and Smiley, 1996).

The quality of the dating was then statistically verified using

COFECHA (Holmes, 1983).

Once dated, position of each fire-scar within the growth

ring was determined based on the methodology proposed by

Baisan and Swetnam (1990), using the following categories: EE

(beginning of earlywood), ME (middle of earlywood), LE (end of

earlywood), L (latewood), and D (dormancy or ring limit). The

different categories were grouped into two periods 1) spring (D

+ EE) and 2) summer (ME+ LE+ L) (Grissino-Mayer, 2001).
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TABLE 1 Historical fire interval statistics for a Pinus lumholtzii forest,

in the Sierra Madre Occidental, Durango, Mexico.

Period of

analysis

Fire interval

filter

Number of

intervals

MFI Min Max WMPI

1653–2016 All fire-scars 67 3.7 1 20 3.0

≥10% scarred 49 4.6 2 20 4.0

≥25% scarred 28 8.0 2 20 7.2

1798–2016 All fire-scars 62 3.0 1 10 2.8

≥10% 44 3.7 2 9 3.6

≥25% 23 7.0 2 17 6.5

MFI, Mean fire interval; Min, Minimum frequency interval; Max, Maximum frequency

interval; WMPI, Weibull median probability interval.

Data analysis

The fire-scar database was analyzed in the FHX2 software

version 3.2 (Grissino-Mayer, 2001). The fire-scar record began

with the earliest fire scar recorded in 1738 and ending on the

field sampling year (2016). The period of analysis included

only years with adequate sample depth defined as years when

more than 10% of fire-scarred trees were recording at the site

(1798–2016) (Grissino-Mayer et al., 1994). For each period,

descriptive fire history metrics were generated including: mean

fire interval (MFI), maximum and minimum fires intervals, and

Weibull median probability interval (WMPI) (Grissino-Mayer,

2001). For each metric, three fire-scar filters were considered: 1)

all fire-scarred years, 2) years where 10% or more of samples

recorded a fire-scar, and 3) years where 25% or more of all

samples recorded a fire-scar (Fulé et al., 2005; Yocom et al.,

2010; Cerano-Paredes et al., 2020). The 25% filter represents

years when fires were generally more widespread (Swetnam and

Baisan, 2003). We also calculated the individual-tree fire interval

using all cross-dated trees within our study site as a way to

further understand fire intervals without having to use filters.

To examine fire frequency changes over time, we calculated

the number of fire years within a 20-year moving windows

(Swetnam and Betancourt, 1998; Iniguez et al., 2008).

The relationship between climate variability and fire years

was determined using Superposed Epoch Analysis (SEA) using

the FHX2 software (Grissino-Mayer, 2001). Two climate proxies

we used for this analysis including: local seasonal winter-spring

precipitation reconstruction based on P. lumholtzii, which

accounted for 52% (r= 0.73; p< 0.01) of the variability (Chávez-

Gándara et al., 2017) and winter index NIÑO 3 SST estimate of

El Niño Southern Oscillation (ENSO) variability (Cook, 2000).

The two variables were calculated during the fire year as well

as 5 years before and 2 years after the fire year. To evaluate the

statistical significance of the SEA analysis, confidence intervals

(95%) were calculated using the bootstrapped distribution of the

climatic data with 1,000 replicates.

Results

A total of 40 samples were collected in the field and 36 (90%)

were successfully cross-dated, including all living trees (eight)

and 28 of the 32 dead trees. The 36 samples yielded a total of 264

cross-dated fire scars. The oldest andmost recent tree-rings were

from 1653 and 2016, respectively. Similarly, the oldest and most

recent fire-scars were recorded in 1738 and 1986, respectively.

Our period of analysis, when greater than 10% of samples were

recorded, ranged from 1798 to 2016 (Figures 3A,B).

Natural fire regimes

Our results suggest the most fires within these forests were

of relatively low severity. This is based on the fact that we were

able to reconstruct the fire regime using individual trees that

had multiple fire scars (Figure 3B). In general, based on the fire

intervals, fires appear to be frequent in the P. lumholtzii forest,

generally occurring at intervals between 3 and 20 years. Based

on all fire scarred years, we found a MFI and WMPI of 3 years

(Table 1). Similarly, based on the ≥10% filter, MFI and WMPI

were 4.6 and 4.0 years, respectively. More extensive fires that

scarred ≥25% of the samples occurred at intervals of less than

10 years (MFI andWMPI of 8.0 and 7.2 years, respectively). The

average fire interval based on individual trees was 16.0 years.

Recent changes in fire regimes

Since 1962, our study site has experienced a drastic change

in fire frequency (Figure 3B, green area) with no extensive fires

(≥25% of the samples) being recorded in the last 54 years. Before

1980, the fire frequencies at the site varied between 1 and 8 fires

per 20-year period, with high fire frequencies around 1900, and

low fire frequencies around 1875 and 1935–1945 based on the

25% fire-scarred filter. Since 1980, the frequency of large fires

(25% filter) has decreased and has remained at zero fires per 20

year, a pattern that was not observed in any previous period in

the reconstructed fire history record (Figure 4C).

Fire seasonality

Seasonality was determined for 53% of the fire scars

(Table 2), but the remaining 47% could not be determined due

to small annual tree-rings (periods of suppression) (González-

Elizondo M. S., et al., 2017) or advanced decay which made it

impossible to reliably identify the position of the scar within

the tree-ring (Cerano-Paredes et al., 2020). Most (98%) fires

were recorded at the beginning of early wood (EE) and 2%

recorded in the middle of the early wood (ME). No fire-scars

were recorded at the end of earlywood (LE), latewood (L),
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FIGURE 4

Spring-winter precipitation and NIÑO 3 SST condition in relation to fire frequencies within a Pinus lumholtzii sire in the Sierra Madre Occidental
of northern Mexico. Tree-ring recorded fire years are identified by red stars and occur mainly during year with low precipitation (A)

(Chávez-Gándara et al., 2017) and negative NIÑO 3 SST (B) (Cook, 2000), based on tree ring reconstructed of climate variables. Fire frequency is
measured using a 20-year moving average based on fire years recorded by 25% or more of the fire-scarred trees (C). Yellow-highlighted area
corresponds to a period of synchrony between drought conditions and high fire frequency and while a more recent period with no extensive
fires in recent decades is highlighted in pink.

and dormancy period (D). Therefore, 98% of the fires were

categorized as spring events and 2% as summer events (Table 2).

It was impossible to determine the seasonality of 47% of the

fire scars due to wood decay or periods of growth suppression

(Table 2).

Climate-fire relationship

The fire-climate analysis showed that over the last 2

centuries, there were 46 years with extensive fires (≥10%

fire scarred samples) reconstructed in these P. lumholtzii site,
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TABLE 2 Seasonality of fire scarred samples within a Pinus lumholtzii forest, in Durango, Mexico.

Scars Total Determined seasonality Undetermined seasonality D EE ME LE L Spring firesA Summer firesB

Number 264 139 125 0 136 3 0 0 136 3

Percent 53 47 0 98 2 0 0 98 2

The definition of the seasonality of fires for this region of northern Mexico was based on the methodology of Grissino-Mayer (2001). ADormancy + Early earlywood (D+EE).
BMid-earlywood+ Late earlywood+ Latewood (ME+LE+L).

which coincide with dry climatic condition indicated by below-

average spring-winter precipitation (Figure 5A) and negative

NIÑO 3 SST indices (Figure 5B), however this relationship

was not significant. Similarly, no significant relationship

was found with moisture conditions 1 or 2 years prior to

these fires.

Although we did not find a statistically significant (p >

0.05) relationship between fire occurrence and annual drought,

more than 50% of the extensive fires reconstructed (≥10% filter)

for the period between 1798 and 1962 were recorded during

spring-winter drought years as indicated by below average

precipitation (27 of 46 fires; 59%) (Figure 4A) and negative

NIÑO 3 SST values (25 of 46 fires, 54%) (Figure 4B). Conversely,

fire frequency analysis using a 20-year moving window shows

no fires in the last decades despite the occurrence of drought

conditions (precipitation below the average) during that time

(Figure 4C).

Discussion

Using a combination of dead and live trees, we were

able to reconstruct the fire history the last 278 years at

this P. lumholtzii site. Most of the work was conducted

using samples from dead wood to minimize damaging

living trees, as suggested by Baisan and Swetnam (1990).

Likewise, it is corroborated that these forests are long-

lived and allow us to reconstruct fire regimes over

several centuries.

Fire frequency

Our results suggest that since the beginning of the 18th

century, these forests have experienced frequent low severity

fires. The abundance of fire-scarred trees with multiple fire

scars within the site suggests that fires burned within the

sites, but did not kill the majority of mature trees which

not only continued growing but recorded multiple fire events.

When considering all fire scar years, the MFI was between

3 and 4 years, similar to that reported in other forests

of the SMO (Fulé and Covington, 1997; Heyerdahl and

Alvarado, 2003; Molina-Pérez et al., 2017; Cerano-Paredes

et al., 2019). The frequency of extensive fire years (≥25%

filter) was 8 years, similar to other studies in mixed pine

forest types within the SMO which have reported MFI in

this range (Fulé and Covington, 1997, 1999; Heyerdahl and

Alvarado, 2003; Molina-Pérez et al., 2017; Cerano-Paredes

et al., 2019). Few sites in the SMO report frequencies greater

than 10 years (Fulé and Covington, 1997, 1999), however

based on individual-tree fire intervals we found an MFI

of 16 years.

Our results show a clear change in fire frequency after

1960 (Figure 3B) similar to that reported in mixed-pine forests

in northern Mexico (Fulé and Covington, 1999; Heyerdahl

and Alvarado, 2003; Cerano-Paredes et al., 2019). The abrupt

change in fire frequency after 1950 in northern Mexico is

due to a combination of local land-use changes rather than

regional climate variability given fires did not generally cease

synchronously across the region (Heyerdahl and Alvarado,

2003). That is, in some areas, frequent fires continue up to the

present (Cerano-Paredes et al., 2010; Fulé et al., 2011; Molina-

Pérez et al., 2017). In many other sites however, an abrupt

cessation of fires has been attributed to land-use changes, the

construction of roads and fire-breaks, timber harvesting and

the formation of ejidos (communally own lands) (Fulé and

Covington, 1997, 1999; Heyerdahl and Alvarado, 2003; Fulé

et al., 2005; Yocom et al., 2010; Cerano-Paredes et al., 2019).

The distribution of ejido lands resulted in the migration of

people to forested ejidos in the SMO starting in the middle

of the 20th century. This human migration has altered the

fire regimes by introducing or intensifying cattle grazing (Fulé

and Covington, 1997; Kaib, 1998; Heyerdahl and Alvarado,

2003).

Fire seasonality

Most fires in these P. lumholtzii forests appeared to have

occurred in spring (98%) (Table 2), which is consistent with

the seasonality reported in previous studies in mixed-pine

forests within the SMO region (Fulé and Covington, 1997, 1999;

Molina-Pérez et al., 2017; Cerano-Paredes et al., 2019). This

suggests that historically most fires occurred after annual growth

initiation, but before the onset of the monsoon rains. Spring

fires in this region is likely associated with the low humidity,
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FIGURE 5

Superposed Epoch analysis shows the relationship between fire occurrence and reconstructed local winter-spring precipitation variability (A)

and NIÑO 3 SST indices (B), for all fires recorded by ≥ 10% of fire-scarred samples. The year of the fire is indicated by year 0, with bars
corresponding to the average climate anomaly for fire years along with climate conditions 5 years prior to the fire (negative values) and 2 years
after the fire (positive values). The upper and lower dotted lines represent the 95% confidence interval.

high temperatures, and high lightning occurrence that occur

during this season [Servicio Meteorológico Nacional (SMN),

2017]. Similarly, during this time of year, the NDVI values

are low (March–April), suggesting vegetation stress (Tucker

et al., 2005) and creating ideal conditions for fire spread

(Figure 6).
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FIGURE 6

Monthly average precipitation (blue circle solid line), temperature (red triangles dashed line), lightning activity (pink squares solid line) and
normalized di�erence vegetation index (NDVI) (green stars dashed line). Variables are average values recorded from 1951 to 2010 at weather
stations close to our P. lumholtzii forest site [Servicio Meteorológico Nacional (SMN), 2017]. Values of NDVI indicate the photosynthetic rate of
the vegetation or the level of vegetation stress. The NDVI values are monthly averages for the period 1981–2006 for the vegetation (Tucker et al.,
2005). The gray highlighted areas indicate the spring period when most fires historically occurred.

Fire-climate relationship

The strong link between fire and climate (Swetnam and

Betancourt, 1998) highlights the relevance of knowing the

climate-fire relationship within different forest ecosystems.

Interannual climatic variability (precipitation) and NIÑO 3 SST

(ENSO) were not the significant factor in the occurrence of

fires at this P. lumholtzii site. This is likely due to the fact

that our study including a single site and climate patterns

are more likely to drive regional fire pattern and only have

a limited influence on fire timing within individual sites.

However, extensive fires (≥10% of samples) were recorded

during years with below-average regional precipitation and

climatic indices (NIÑO 3) (Figures 5A,B). Likewise, during

the 1798–1962 period, extensive fires within out study

site occurred during below-average precipitation years and

negative NIÑO 3 indices, which represents drought conditions

for this region in the state of Durango (Figures 4A,B,

respectively). In the future, the Inter-governmental Panel

on Climate Change predicts decreasing precipitation and

increasing temperature for this region of northern Mexico

(Intergovernmental Panel on Climate Change IPCC, 2013),

such conditions will likely contribute to an increasing risk of

forest fires.

Annual climate variability in Mexico is partly due to ENSO,

which significantly affects precipitation (Stahle and Cleaveland,

1993; Magaña et al., 2003; Cerano-Paredes et al., 2011; Stahle

et al., 2012) and has two phases, El Niño and La Niña. El Niño

favors wet winters that decrease fire activity, while LaNiña favors

dry winters resulting in a long fire season and increasing the

probability of widespread fires (Heyerdahl and Alvarado, 2003;
Cerano-Paredes et al., 2019). Although a significant ENSO-fire

relationship was not found at our study area, it is important
to consider future La Niña phase events that lead to vegetation

stress and can trigger greater fire risk in the forests of this region
of northern Mexico.

Management implications and
conclusions

In general, frequent fires within dry forests maintained
low tree densities, low fuel accumulations, and open forest

conditions, which in turn resulted in low severity fires (Fulé
and Covington, 1997). Conversely, numerous studies have

documented that eliminating frequent fires can potentially

facilitate greater tree establishment, and accumulation of fuels

including ladder fuels leading to more severe fires in the
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future (Covington et al., 1997; Fulé and Covington, 1997, 1999;

Heyerdahl and Alvarado, 2003; Fulé et al., 2005; Yocom et al.,

2010; Rodríguez, 2014; Cerano-Paredes et al., 2019). That is, the

high-frequency low-severity fire regime we found at this site

prior to 1960 could be changing to a low-frequency high-severity

fire regime in the future (Covington et al., 1997). Similar changes

in fire regimes have been documented in dry forests across

the western U.S., where recent fires are getting more severe

(Singleton et al., 2019). Moreover, many of these pine species

are not serotinous, but instead reproduce by seed from surviving

individuals. This limits their recovery particularly within large

high severity patches (Owen et al., 2019). Additionally, many

of these forests also contain a number of oak species that are

better adapted to high severity fires given their ability to resprout

(Barton and Poulos, 2018). Post-fire dominance of oaks could

further facilitate the transition of large areas from forests to

shrublands. A decrease in forested area could jeopardize timber

production and negatively affect local economies within these

rural communities.

Given the importance of forested ecosystems to local

economies in the SMO, it is critical to develop sustainable

management plans that include fire in accordance with the

natural fire regime which these ecosystems have adapted to.

Pyrosilviculture or the idea of using fire to manage forest

structure within fire-adapted forests is a new concept that could

be particularly useful in actively managed forests of the SMO

(North et al., 2021; York et al., 2021). Fire in the form of

prescribed fire or naturally ignited fires for resourced benefit

(Hunter et al., 2011, 2014) could potentially be used in the SMO

to reduce tree densities and accumulated fuels which would

decrease the probability of stand replacing fires in the future

(Rodríguez, 2014). However, given the lack of fire for more than

60 years, fuel conditions may not favor restoring fire within

Spring season similar to our results. Instead, fire may need to be

re-introduced within the shoulder of the peak fire season (Young

et al., 2020), either in the fall or winter, when weather and

fuel conditions would be more favorable to achieving objectives

while keeping fires within defined containment lines. Failing to

restore frequent low-severity wildfires within these dry forests

will likely result in more intense fires during drought years in

the future. Such fires could be difficult to suppress, resulting

in the loss of forests and timber production as well as other

ecosystem services including water, recreation, infrastructure,

cultural resources, and human communities.

Stand of pure P. lumholtzii forests is found in small

pockets usually surrounded by mixed-pine forests; therefore, it

is likely that the fires recorded within these forests also burned

within adjacent forests. Therefore, the information provided

in this study will be useful both for fire management and

conservation of long-lived forests of P. lumholtzii and for fire

management in adjacent forest types with high commercial

value, where it is impossible to find long-lived individuals that

allow us to reconstruct the history of the fire regime due to

timber harvesting.
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