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Abstract 

Frequent-fire forests were once heterogeneous at multiple spatial scales, which contributed to 

their resilience to severe fire. While many studies have characterized historical spatial patterns in 

frequent-fire forests, fewer studies have investigated their temporal dynamics. We investigated 

the influences of fire and climate on the timing of conifer recruitment in old-growth Jeffrey pine-

mixed conifer forests in the Sierra San Pedro Martir (SSPM) and the eastern slope of Sierra 

Nevada. Additionally, we evaluated the impacts of fire exclusion and recent climate change on 

recruitment levels using statistical models with realized as well as fire suppression and climate 

change free counterfactual scenarios. Excessive soil drying from anthropogenic climate change 

resulted in diminished recruitment in the SSPM but not in the Sierra Nevada. Longer fire-free 

intervals attributable to fire suppression and exclusion resulted in greater rates of recruitment 

across all sites but was particularly pronounced in the Sierra Nevada where suppression began > 

100 years ago and recruitment was 28 times higher than the historical fire return interval 

scenario. This demonstrates the profound impact of fire’s removal on tree recruitment in Sierra 

Nevada forests even in the context of recent climate change. Tree recruitment at the SSPM 

coincided with the early Twentieth Century North American Pluvial, as well as a fire quiescent 

period in the late 18th and early 19th centuries. Episodic recruitment occurred in the SSPM with 

no ‘average’ recruitment over the last three centuries. We found that temporal heterogeneity, in 

conjunction with spatial heterogeneity, are critical components of frequent-fire adapted forests. 

Episodic recruitment could be a desirable characteristic of frequent-fire adapted forests and this 

might be more amenable to climate change impacts that forecast more variable precipitation 

patterns in the future. One key to this outcome would be for frequent-fire to continue to shape 

these forests versus continued emphasis on fire suppression in California. 
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Introduction 

Managing frequent-fire adapted forests (those with fire return intervals < 35 years) to 

increase their resistance and resilience in the face of changing climate and fire regimes is a major 

challenge (Stephens et al. 2013, Hessburg et al. 2021). In western North America, frequent, low 

to moderate intensity fires were once a fundamental component of many pine-dominated 

ecosystems (Hessburg et al. 2019). However, fire in the western United States (US) has been 

essentially excluded for more than a century resulting in substantially altered forest conditions 

(Hagmann et al. 2021). Recent and accelerating climate change has also impacted western US 

forests, including through exacerbation of regional drying which may impact forest productivity 

and recruitment (Stewart et al. 2021). An improved understanding of dual drivers of fire and 

climate on tree recruitment is needed to accurately predict future trajectories of western US 

forests and successfully manage these ecosystems in the coming decades. 

Considerable research confirms that frequent-fire forest landscapes were characterized as 

highly heterogeneous with regard to both structure within individual forest stands and 

composition among vegetation patches prior to the period of fire exclusion and suppression 

(Hessburg et al. 1999, Carey 2003, North et al. 2009a, Hessburg et al. 2015, Fertel et al. 2022). 

This heterogeneity was an important driver of the resilience to disturbance of these ecosystems 

(Churchill et al. 2013, Murphy et al. 2021, Steel et al. 2021). While many studies have 

investigated the spatial patterns of reference forests (Lydersen et al. 2013, Fry et al. 2014, Clyatt 
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et al. 2016, Churchill et al. 2017), fewer studies have investigated the temporal dynamics of 

these ecosystems (but see Brown and Wu 2005, Brown 2006). 

Overstory recruitment in many dry ponderosa pine (Pinus ponderosa) forests was highly 

episodic, related both to optimal climate conditions for seed production, seedling germination, 

and sapling growth (Pearson 1933, Savage et al. 1996) and to occasional longer intervals 

between surface fires, which allowed more seedlings and saplings to reach a stage where they 

were fire resistant (Brown and Wu 2005). In open-canopy or climatically marginal forests and 

savannas, episodic recruitment often occurs as a result of transient moisture or temperature 

conditions optimal for new recruitment (Peet 1981). With continued climate warming, 

southwestern North America is expected to become drier (Williams et al. 2020), potentially 

affecting tree recruitment especially within already climatically marginal forests (Davis et al. 

2019). 

The objectives of this study were to quantify temporal patterns of forest structure and the 

corresponding factors (fire, climate, soil) that shaped them at three old-growth Jeffrey pine 

(Pinus jeffreyi)-mixed conifer forests in Sierra Nevada of eastern California, US, and the Sierra 

San Pedro Martir in northern Baja California, Mexico. These sites differ primarily in the timing 

and intensity of fire suppression efforts and fire exclusion, but they also provide contrasts of 

productivity driven by differences in annual precipitation and edaphic conditions. We addressed 

the following question: What was the relative influence of fire occurrence and climatic 

conditions (i.e., soil moisture) on tree recruitment in frequent-fire forests? Our hypotheses are 

that the Sierra Nevada forests will have higher tree densities and less variation in tree 

establishment due to cessation of fire for over a century. In contrast, the forests in the Sierra San 

Pedro Martir are expected to have more complex temporal structure because the impacts of more 
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recent fires (fire suppression did not begin until 1970) and greater aridity due to underlying 

edaphic conditions and recent drought. Information from this study could assist in the 

development of desired conditions in similar forests in the western US and possibly other pine 

dominated forests that are adapted to frequent, low-moderate intensity fire regimes. 

 

Methods 

To evaluate the impacts of fire and climate on tree recruitment we leveraged long-term 

fire history and recruitment data from three sites in southwestern North America and 

reconstructed soil moisture climate data from the region. One site was located in the Sierra 

Nevada of California where fire suppression and exclusion have been in place for over a century. 

Two sites were located in the Sierra San Pedro Martir (SSPM) of northern Baja California and 

continued to experience relatively frequent fire until the mid-20th century (Stephens et al. 2003). 

This contrast in fire history allows us to test the ‘treatment’ effect of suppression/exclusion on 

conifer recruitment. Further, recruitment data precedes and includes the early effects of climate 

change as well as centuries of natural climate variability, allowing for an assessment of soil 

moisture effects and recent climate change-related soil drying on conifer recruitment. 

Specifically, statistical models were constructed to estimate the effects of fire-free interval and 

preceding soil moisture anomaly on conifer recruitment cohort size. Counterfactual model 

scenarios were subsequently estimated to assess the relative impacts of fire 

suppression/exclusion and climate change on tree recruitment of the study sites. 

Study Areas 
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Our study was located within dry conifer forests in southwestern North America (Figure 

1). Two study sites were located in the Sierra San Pedro Martir National Park in the Peninsular 

Range in Baja California, Mexico (115.98˚ W; 31.62˚ N) and one study site was located in the 

Humboldt-Toiyabe National Forest near Lost Cannon Creek on the eastern slope of the Sierra 

Nevada, California, US (119.47 ˚ W; 38.40˚ N). None of the study sites have been harvested.  

Study areas were located in the North American Mediterranean climate zone (Skinner et 

al. 2008, Dunbar-Irwin and Safford 2016). There was no long-term climate information from the 

SSPM study area; the closest weather data (1960-2004) comes from the Santa Cruz Station (980 

m elevation, 16 km away) where average annual precipitation was 33 cm, 48% of which 

occurred during the winter months. Average annual summer and winter temperatures at this site 

are 25°C and 12°C, respectively. Average precipitation measured with temporary weather station 

on the northern SSPM plateau (2400 m; 1989-1992), 1.5 km southeast of the study areas, was 55 

cm (Minnich et al. 2000). For the Sierra Nevada site, average annual precipitation at the closest 

weather station in the town of Bridgeport approximately 530m lower in elevation was 25.4 cm, 

46% of which occurred during the winter. Average annual summer and winter temperatures were 

15°C and 3°C, respectively.       

While Jeffrey pine dominates all sites, edaphic conditions are distinguishing 

characteristics of species composition (Table 1, Figure 2). The Sierra Nevada site (SN-Gran) is a 

Jeffrey pine-mixed conifer forest on shallow loamy coarse sand soils with granitic parent 

materials and quacking aspen (Populus tremuloides) is common on more mesic, lower slopes 

(Fry et al. 2014). The Jeffrey pine-mixed conifer forests of the SSPM granite site (SSPM Gran) 

are similar to portions of the eastern Sierra Nevada, Lake Tahoe Basin, and southern California 

mountains (Minnich et al. 1995, Barbour et al. 2002, Dunbar-Irwin and Safford 2016). Soils are 
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shallow, well to excessively drained, and relatively acidic, with diorite parent material (Stephens 

and Gill 2005); chemical and textural properties are similar to typical granite-derived soils in 

comparable forests in California (Potter 1998). The SSPM metamorphic site (SSPM-Meta), 

approximately 2 km north of SSPM-Gran, is a monotypic stand of Jeffrey pine (Table 1, Figure 

2) on shallow sandy loams soils derived from quartz schist parent materials (Fry et al. 2018).  

Fire has been an important ecological process in Jeffrey pine-mixed conifer forests, 

occurring relatively frequently prior to fire suppression and exclusion. Reconstructed fire return 

intervals ranged from 4 to 24 years in areas in and adjacent to the three study sites (Stephens et 

al. 2003, Taylor 2004, Skinner et al. 2008, North et al. 2009b). Fire cessation at SN-Gran began 

in the early 20th century, following several decades of sawmill and mining operations in this part 

of the Sierra Nevada (North et al. 2009b). At the SSPM, lengthened fire intervals have occurred 

in most forested areas beginning in the 1960’s with road construction and limited fire 

suppression efforts (Stephens et al. 2003, Skinner et al. 2008) and a reduction in Indigenous 

burning with the creation of the Sierra San Pedro Martir Mission in the 1790’s (Evett et al. 

2007a); changes in SSPM fire patterns from fire suppression and exclusion are shown in in 

Stephens et al. (2003, Figure 1).  

Recruitment, fire history, and climate data 

To assess conifer recruitment and fire history, one four-ha plot was randomly located on 

a uniform slope aspect at each of our three study sites. A four-ha plot was selected to incorporate 

the heterogeneity of these forest types since previous studies indicate pine dominated forests that 

once experienced frequent, low-moderate intensity fires regenerated in small patches (Boyden et 

al. 2005, Stephens and Fry 2005, Sánchez Meador et al. 2009). The species, size (diameter at 

breast height (DBH)) and location (X and Y coordinates) of all live stems were recorded. Tree 
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locations were mapped using the Laser Tech TruPulse with an attached electronic compass, 

which has a reported accuracy of <15cm. Mapping was done relative to monumented points (10-

15 total) within each 4 ha study area. At each these monumented points we collected 

differentially corrected GPS coordinates with an approximate accuracy of 0.5m. 

In each plot, all trees above 2.5 cm DBH were cored to determine tree age. Trees were 

cored on the downhill side of the tree within 20 cm of ground surface, with an increment borer, 

either by hand (smaller trees) or by an auger mounted to a chain saw (larger trees). If the pith 

was missed, trees were cored up to three times and the best core was selected. Cores were 

prepared and crossdated using standard dendrochronological techniques (Dieterich 1980). Out of 

a total of 3477 cored trees, 12% had missing piths and were excluded from analysis resulting in a 

total sample size of 3070 cores. Recruitment cohorts were calculated as the tally of trees that 

shared a pith year for each plot.  

At each site, we sampled the 4 ha plot including a 100 m buffer for fire-scarred trees, 

snags, and logs, preferentially selecting trees that appeared to record multiple fires (Swetnam and 

Baisan 2003) and larger trees that potentially had a longer record. We dated all fire scars using 

standard crossdating procedures (Dieterich 1980). The FHX2 software (Grissino-Mayer 2001) 

was used to record and analyze fire scar data. To exclude highly localized fires, we consider fire 

years as those where a minimum of two trees recorded a scar. With this definition, the first 

recorded fire year for SN-Gran site was 1673, 1584 for SSPM-Gran, and 1685 for SSPM-Meta.  

To assess long-term variation in climatic conditions we used soil moisture anomaly data 

published by Williams et al. (2022). Soil moisture data were reconstructed using a composite tree 

ring database (independent of the tree ring data used in this study) and interpolated across North 

American at a resolution of 0.5 degrees for the years 800-1983 CE. Soil moisture data were 
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reported as summer (June, July, and August) anomalies relative to the 1950-1999 mean with 

negative values representing drier than average years and positive numbers wetter than average 

years (Williams et al. 2020, Williams et al. 2022). Williams et al.’s choice of reference period 

would influence the absolute value of calculated soil moisture anomalies but not the relative 

effect of changes in soil moisture on conifer recruitment which is of interest here and estimated 

using standardized predictor values (see Statistical Analysis below). To assess the contribution of 

realized anthropogenic climate change on conifer recruitment we used Williams et al.’s (2020 

and 2022) observed and counterfactual soil moisture anomaly data spanning 1901-2021. The 

counterfactual data developed by Williams et al. (2020) represent a modeled expectation of soil 

moisture anomalies in the absence of anthropogenic climate change using a 29-climate model 

ensemble mean. Reconstructed, observed, and counterfactual summer soil moisture anomalies 

were extracted for our SN and SSPM locations using the terra R package (Hijmans 2022). The 

soil moisture index was selected over other climate indices (e.g., PDSI) due to its long temporal 

extent and the availability of the climate change-free counterfactual scenario. 

Statistical Analysis 

We modeled annual conifer recruitment cohort size as a function of preceding soil 

moisture anomaly (𝑠𝑠𝑠𝑠𝑧𝑧𝑖𝑖) and fire free interval length (𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖) for cohort i. Cohort size followed a 

zero-inflated Poisson distribution with mean annual recruitment of 3.0 trees per 4 ha site (0.75 

trees ha-1) with 42% of years recording zero recruitment among the three sites. Data were both 

spatially and temporally structured among the three sites and across years. Thus, we allowed all 

predictor variables to vary by site (k) as random intercepts and slopes (Equation 1). We also 

included a first-order temporal auto-regressive term to account for serial non-independence on 

consecutive recruitment years. 
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Equation 1: 

𝑦𝑦𝑖𝑖 ∼ 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑖𝑖𝑠𝑠𝑠𝑠𝑍𝑍𝑍𝑍�𝑝𝑝𝑖𝑖, 𝜆𝜆𝑖𝑖,𝑘𝑘�
𝑙𝑙𝑍𝑍𝑙𝑙𝑖𝑖𝑙𝑙(𝑝𝑝𝑖𝑖) = 𝑧𝑧𝑖𝑖𝑝𝑝
𝑙𝑙𝑍𝑍𝑙𝑙�𝜆𝜆𝑖𝑖,𝑘𝑘� = 𝛼𝛼𝑘𝑘 + 𝛽𝛽1𝑘𝑘 ∗ 𝑠𝑠𝑠𝑠𝑧𝑧𝑖𝑖 + 𝛽𝛽2𝑘𝑘 ∗ 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖

 

 

We assessed recruitment rather than germination because the latter is uncertain without 

destructively sampling to get pith at the root/shoot boundary. For example, Puhlick et al. (2012) 

found that it took 7-years on average for a ponderosa pine to reach 10 cm in height. The 

unavoidable measurement error with respect to tree age at pith year likely resulted in greater 

model uncertainty and wider parameter credible intervals. Both the initial germination and 

establishment/survival during the subsequent years are affected by a multi-year period of climate 

and fire occurrence (Puhlick et al. 2012). For each recruitment year, the fire-free interval was 

calculated as the difference between the year of the next fire and the last fire recorded for a given 

plot. For relatively recent pith years where a plot had not yet experienced a subsequent fire, the 

year of the next fire was assumed to be the year following sampling. Mean soil moisture 

anomaly was calculated for a moving five-year window at different starting points (lags) prior to 

the recorded pith year. For example, a lag of 1 represents the mean of years 1-5 before the pith 

year. We tested candidate models with different soil moisture lags from 1 to 10 using leave-one-

out information criteria (Vehtari et al. 2017) and found a lag of 7 (7-11 years before pith) created 

the best performing model (Appendix S1: Figure S1 and Appendix S1: Table S1). Aside from lag 

year, candidate models were identical and results from this final model are reported. Continuous 

predictor variables were standardized with a mean of zero and a standard deviation of one. 

Models were estimated using Hamiltonian Monte Carlo sampling in Stan via the BRMS package 

and program R (Bürkner 2017, R Core Team 2021, Stan Development Team 2020). Models were 
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run with four chains, each for 2000 samples with a warmup of 1000. Trace-plots and R-hat 

values were assessed for proper mixing and model convergence. 

To evaluate the impacts of fire exclusion and climate change on recruitment levels, 

predictions were made using the final statistical model with realized and counterfactual 

scenarios. The climate counterfactual scenario used soil moisture anomaly values with the 

estimated effect of climate change removed (Williams et al. 2022) as described above and 

observed fire-free intervals. Annual recruitment predictions from this climate change-free 

scenario were subtracted from a scenario with realized climate change effects on soil moisture 

retained to generate expected mean annual recruitment anomaly attributable to climate change 

for the years 1912-2021. Predictions are limited to the soil moisture data provided by Williams et 

al. (2022) and the relatively recent and accelerating impacts of climate change. We extend 

predictions to 2021 in order to illustrate the potential effect of recent drought conditions in the 

region and the implications of likely further drying due to worsening climate change. For the fire 

regime counterfactual, we fixed fire-free interval predictor values to 14 years (the median of the 

4-24 year range of historical estimates) and used observed soil moisture anomalies for the full 

range of the observed recruitment record (1584-1982) to create a fire exclusion-free scenario. We 

used the fire frequency median to construct this scenario rather than attempting to iterate over a 

distribution of historical fire frequency (e.g., using a Monte Carlo approach) since the central 

tendency of this distribution is better understood than the shape of the distribution’s dispersion. 

This methodological choice is intended to avoid bias in model predictions but may underestimate 

uncertainty in recruitment departure attributable to fire exclusion. Annual recruitment predictions 

from this fire exclusion-free scenario were subtracted from predictions using observed fire-free 
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interval and soil moisture anomaly values to generate expected mean annual recruitment 

anomaly attributable to fire exclusion/suppression.  

 

Results 

The SSPM sites continued to experience periodic fires into the twentieth century with 

multiple fires (3 in SSPM-Gran and 2 in SSPM-Meta) between 1900 and the time of writing in 

2022 (Figure 3a and b); the Sierra Nevada site in contrast experienced its last fire in 1896 

reflecting effective fire exclusion in California (Figure 3c). Tree recruitment was fairly 

continuous throughout the period of record (1584-1982) at each site, but timing and magnitude 

of recruitment pulses differed among sites (Figure 3a, b, c). Both SSPM sites had distinct pulses 

in the early 1900s, but the SSPM-Gran pulse was at a lower overall magnitude. This pulse was 

the only noticeable one over the period of record for SSPM-Gran, while SSPM-Meta appeared to 

have two earlier pulses at lower magnitude (Figure 3a, b). SN-Gran appeared to only have one 

large and lengthy recruitment pulse, which began in the late 1800s and peaked in the mid-1900s 

(Figure 3c). Within our study period, the soil moisture record showed greater variability in the 

SSPM (0.97 SD; Figure 3d) than SN-Gran (0.82 SD; Figure 3e).  

The final model suggests soil moisture is positively associated with recruitment in the 

SSPM with the metamorphic site showing a stronger association (log mean effect [µ] = 0.40; 

90% credible interval [CI90] = 0.25, 0.56) than the granite site (µ = 0.26; CI90 = 0.13, 0.38). The 

model estimated a weak and uncertain effect of soil moisture anomaly for the Sierra Nevada site 

(µ = -0.14; CI90 = -0.41, 0.11). Longer fire-free intervals were also positively associated with 

recruitment especially for the Sierra Nevada site (µ = 1.03; CI90 = 0.91, 1.16) where fire 
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exclusion and suppression policies have been implemented longer. Longer fire-free intervals 

were also associated with greater recruitment for both the SSPM-Meta (µ = 0.40; CI90 = 0.16, 

0.64) and SSPM-Gran (µ = 0.35; CI90 = 0.12, 0.59) sites, although the effect size was smaller 

than the Sierra Nevada site (Figure 4 and 5; Table S2).   

Soil drying associated with anthropogenic climate change resulted in less than expected 

annual recruitment in the SSPM by the turn of the 21st century based on the differences between 

observed climate and modeled climate change-free counterfactual (Figure 6). Between 2000 and 

2021, 3.5 fewer trees ha-1 (90% prediction interval [PI90] = 1.6, 7.4) were predicted to have 

recruited in total at the SSPM-Meta site due to climate change, constituting a 17% reduction 

(PI90 = 11, 23) relative to the non-climate change scenario. For the SSPM-Gran site this 

predicted climate change-associated reduction in recruitment was 1.2 trees ha-1 (PI90 = 0.5, 2.8), 

a 11% reduction (PI90 = 6, 16). Predicted percentage declines in recruitment on an annualized 

basis were similar but less precise. Climate change-driven soil drying likely resulted in 16% 

(PI90 = 35, -5) lower recruitment at the SSPM-Meta site and 11% (PI90 = 25, -3) lower 

recruitment at the SSPM-Gran site per year since 2000, although 90% prediction intervals 

include zero. There was no obvious climate change signal on tree recruitment at the SN-Gran site 

(Figure 6). 

Longer fire-free intervals attributable to fire suppression and exclusion of Indigenous 

burning resulted in greater rates of expected annual recruitment across all sites during the 20th 

century (1900–1982), which was particularly pronounced at the Sierra Nevada site. During 1900-

1982, 149 (PI90 = 113, 198) more trees ha-1 were predicted to have recruited at the Sierra 

Nevada site due to fire exclusion; 28 (PI90 = 20, 44) times higher than the historical fire return 

interval scenario. Twelve (PI90 = 5, 21) more trees were predicted at the SSPM-Meta site and 6 
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(PI90 = 2, 13) more at the SSPM-Gran site; 1.44 (PI90 = 1.15, 1.85) and 1.38 (PI90 = 1.10, 1.80) 

times more respectively than the historical reference. On an annualized basis the Sierra Nevada 

site saw an equivalent 28-fold or 2800% increase (PI90 = 1860, 4520) per year; an absolute 

recruitment increase from an average of 0.07 (PI90 = 0.5, 0.9) to 1.9 (PI90 = 1.3, 2.7) trees ha-1 

yr-1. The SSPM-Meta site saw an increase of 0.53-fold or 53% (PI90 = 6, 160) and the SSPM-

Gran site saw an increase of 0.45-fold or 45% (PI90 = 3, 147) per year attributable to increased 

fire-free intervals. 

 

Discussion  

Climate directly affects forest age structure through favorable conditions for tree 

establishment or through unfavorable conditions (droughts, high temperatures) that can result in 

seedling death. In addition, climate indirectly affects age structure through control of both 

disturbance severity, which influences scale and magnitude of mortality, and disturbance 

frequency, which limits establishment to longer periods between disturbance events (Brown and 

Wu 2005). Disturbances of varying scales are crucial processes in many forests to create canopy 

gaps and expose bare mineral soil for seedling establishment (Biswell 1989, Brown and Wu 

2005). However, climatic anomalies at relatively short time scales (several years to decadal 

length), such as droughts, can also result in broad-scale mortality that have persistent impacts on 

forest structure (Swetnam and Betancourt 1998, Brown and Wu 2005, Steel et al. 2022). 

During 1900-1982, 597 more trees were predicted to have recruited at our Sierra Nevada 

site (SN-Gran) due to fire suppression and exclusion (average of 150 trees ha-1), while drying 

effects due to climate change impacts were minimal. The current inventory of the Sierra Nevada 
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site includes 955 trees with pith dates later than 1900, indicating 52% of them wouldn't have 

established there if the site continued to experience frequent fire into the 20th century. This 

demonstrates both the profound impact of fire removal in frequent-fire adapted forests, and 

minimal climate change impacts thus far on tree recruitment in this area of California (Figure 6). 

The increase in tree recruitment at the two SSPM sites (Figure 6) coincides with the early 

Twentieth Century North American Pluvial (TCNAP) (1905-1917), one of the more extreme wet 

periods of the last 500 years (Cook et al. 2011). Allowing for a slight difference in actual 

establishment to age at coring height, the peak at SSPM-Gran is similar to the timing of the 

TCNAP (Figure 3). Though increased tree recruitment begins at a similar time in SSPM-Meta, 

the period of elevated recruitment continues for several decades after the TCNAP. The timing of 

tree establishment at SN-Gran appears to be more associated with the onset of fire 

suppression/exclusion in the early 20th century than to any particular climatic event. 

Optimal climatic conditions for ponderosa pine (Pinus ponderosa) regeneration and 

establishment in the early 20th century across much of the Southwestern US contributed to denser 

forests, especially in 1919 when a tremendous pulse of seedlings established (Pearson 1933, 

Savage et al. 1996). The second largest pulse of ponderosa pine recruitment from a study in 

Northern Mexico also occurred in the 1910s–1920s during very wet conditions (Meunier et al. 

2014). Interestingly a pulse of tree regeneration among Jeffrey pines, which have a similar life 

history strategy to ponderosa pine and are closely related genetically (Burns and Honkala 1990, 

Barbour et al. 2007), occurred in both SSPM sites around 1919 even though fire suppression had 

not begun but fire frequency was reduced from the elimination of Indigenous burning (Stephens 

et al. 2003, Evet et al. 2007a). 
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Very few ponderosa pine trees predate a multiyear megadrought centered in the 1580’s in 

the southwest US (Brown and Wu 2005) and this pattern exists in the SSPM and California sites 

as well with few trees predating this time period (Figure 3). This prolonged drought, the most 

severe in at least the last 1000 years in this region (Grissino-Mayer 1996), has been identified in 

tree-ring chronologies from throughout the western United States and northern Mexico (Stahle et 

al. 2000). Another interesting regeneration pattern is evident in the late 18th and early 19th 

centuries when a period of no fires were recorded in the SSPM (Figure 6). Previous studies have 

documented tree recruitment during periods when surface fires were restricted by climate 

conditions less conducive to burning (i.e., safe periods, Brown and Wu 2005) which we observed 

in the SSPM. During periods of more frequent fire, many seedlings and saplings could be killed 

before they had a chance to produce bark thick enough to resist heat and crowns high enough to 

reduce needle scorch (White 1985).  

 

Conclusions 

This study revealed the importance of fire and climate in structuring old-growth forests in 

Northern Baja California and the eastern Sierra Nevada. While climate was an important factor 

in Northern Baja California (Figure 6), the elimination of fire early in the 20th century was the 

dominant factor influencing tree recruitment in the eastern Sierra Nevada (Figures 3 and 6). The 

additional trees and subsequent fuels they contribute have resulted in increased fire hazards and 

forest structure more vulnerable to severe wildfire and bark beetle mortality (Stephens et al. 

2018, Steel et al. 2022), highlighting the need for restoration in these forests (North et al. 2022). 

The fact that fire continued to burn into the 20th century in northern Baja California reduced 

overall tree recruitment. Yet we still saw evidence of tree recruitment in the late 17th and early 
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18th centuries during a period that had eliminated fires for approximately 30 years, and around 

1919 when conditions were favorable to conifer establishment coincident with a larger area of 

the US Southwest. At the SSPM sites we see more negative climate influences on recruitment in 

the last 30 years (Figure 6) and this will likely continue as climate continues to warm into the 

21st century (Williams et al. 2019). Whether and when this climatic effect is observed further 

north in areas such as the eastern Sierra Nevada will depend on magnitude of continued climate 

change and its effect on regional precipitation patterns. 

Although the SSPM sites exhibit a great deal of structural diversity (Stephens 2004, 

Stephens and Gill 2005, Stephens et al. 2007, Murphy et al. 2021), the continued presence of 

frequent, low-moderate severity fires (Rivera-Huerta et al. 2016) likely limited tree recruitment 

(White 1985). In the mountains of central-northern Mexico where fire continued into the 20th 

century, forest structure is less a reflection of previous episodes of suitable climate for seedling 

establishment than of local survival of seedlings in sites missed by lethal fires (Meunier et al. 

2014). Fires would not burn uniformly in frequent-fire forests since many openings would be 

fuel limited until trees grew sufficiently to generate enough leaf litter to carry a fire. This fuel 

limitation control would be more pronounced in forests lacking substantive understory 

vegetation cover (i.e., grasses), which is the case in the less productive SSPM sites (Evett et al. 

2007b). In more productive mixed conifer forests, top-down effects of fire and climate on 

recruitment are mediated by different species responses to these effects and within-stand 

differences in where species are located adding further complexity to these ecosystems (North et 

al. 2005).   

Research has demonstrated the importance of heterogeneity in tree spatial patterns for 

producing resilient frequent-fire adapted forests (North et al. 2009a, Churchill et al. 2013, Knapp 
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et al. 2017a, Murphy et al 2021). Such patterns can provide discontinuities to fire and also reduce 

the spread of tree-killing insects and pathogens that are frequently species specific. Indeed, the 

pattern of individual trees, clumps, and openings (ICO) has shown us that average forest spatial 

patterns at the stand level were rare in intact old-growth frequent-fire forests (Stephens and Fule 

2005, Rodman et al. 2017) and that spatial heterogeneity should be used in developing 

restoration prescriptions (North et al. 2009a, Stephens et al. 2021).  

Here we demonstrate that temporal heterogeneity in tree recruitment is also a critical 

component of frequent-fire adapted forests. Indeed, recruitment has been mostly episodic at the 

two intact SSPM sites over the last 300 years (Figure 3), this would also add to the structural 

diversity of these forests. There is no ‘average’ recruitment that occurred in the SSPM over the 

last three centuries but mostly episodic recruitment coincident to favorable climate and/or the 

cessation of fire for 1-3 decades. More episodic recruitment could be a desirable characteristic in 

the restoration of frequent-fire adapted forests and this might be more amenable to climate 

change impacts that forecast more wet and dry years in the future (Knapp et al. 2017b). 

Recruitment might happen every few decades when fire, climate, and seed crops align producing 

the needed regeneration to conserve frequent-fire forests into the future. One key to this outcome 

would be for frequent-fire to continue to shape these forests versus what has happened in our 

Sierra Nevada site where fire’s removal produced a dense forest vulnerable to high severity fire 

and drought/bark beetle attack. 

 

Acknowledgments  

This paper is dedicated to Dr. Ernesto Franco-Vizcaino who was the champion of the SSPM for 

decades. The senior author met Ernesto at Vallecitos Meadow in June 1998 and his enthusiasm 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

and passion was contagious. Hundreds of people from the US came to the SSPM to work on 

research trips over the years and Ernesto always welcomed everyone with a smile and ideas, we 

will miss him greatly. The senior author thanks Richard Minnich for inspiring him to begin work 

in the SSPM and we thank Domenico Caramagno, Travis Freed, Gary Roller, Matt Smith, Jason 

Moghaddas, Lars Schmidt, and Marco Hille for their help in the field and Peter Brown for 

crossdating the increment corers. We also thank all of the field technicians, graduate students, 

postdocs, volunteers, and family members that assisted in collecting field data over the years and 

to Roger Springer for logistical support. This research was carried out under Mexican Ministry 

of the Environment (SEMARNAT) permits NUM/SGPA/DGVS/3315, 

NUM/SGPA/DGVS/04036 and NUM/SGPA/DGVS/04075. This study was supported by 

previous funding from the US Joint Fire Science Program, USDA Agricultural Experiment 

Station funds at UC Berkeley, and the McIntire-Stennis program at UC Berkeley and Cal Poly 

San Luis Obispo. 

  

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

References 

Barbour, M., E. Kelley, P. Maloney, D. Rizzo, E. Royce, and J. Fites-Kaufmann. 2002. Present 

and past old-growth forests of the Lake Tahoe Basin, Sierra Nevada, US. Journal of 

Vegetation Science 13:461–472.  

Barbour, M. G., T. Keeler-Wolf, and A. A. Schoenherr. 2007. Terrestrial vegetation of 

 California. 3rd edition. Berkeley, CA: University of California Press. 730 p 

Biswell, H.H. 1989. Prescribed burning. California wildlands vegetation management. Berkeley: 

University of California Press, p.255. 

Boyden, S., D. Binkley, and W. Shepperd. 2005. Spatial and temporal patterns in structure, 

regeneration, and mortality of an old-growth ponderosa pine forest in the Colorado Front 

Range. Forest Ecology and Management 219:43–55.  

Brown, P. M. 2006. Climate effects on fire regimes and tree recruitment in Black Hills 

ponderosa pine forests. Ecology 87:2500-2510. 

Brown, P.M., and R. Wu. 2005. Climate and disturbance forcing of episodic tree recruitment in a 

southwestern ponderosa pine landscape. Ecology 86:3030-3038. 

Burns, R. M. and B. H. Honkala. 1990. Silvics of North America. Vol. 1. U.S. Department of 

Agriculture Forest Service Agricultural Handbook 654. 

Bürkner, P. C. 2017. brms: An R Package for Bayesian multilevel models using Stan. Journal of 

Statistical Software 80, 1–28. https://doi.org/doi:10.18637/jss.v080.i01 

Carey, A. B. 2003. Biocomplexity and restoration of biodiversity in temperate coniferous forest: 

inducing spatial heterogeneity with variable‐density thinning. Forestry 76(2):127-136. 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Churchill, D. J., A. J. Larson, M. C. Dahlgreen, J. F. Franklin, P. F. Hessburg, and J. A. Lutz. 

2013. Restoring forest resilience: from reference spatial patterns to silvicultural 

prescriptions and monitoring. Forest Ecology and Management 291:442-457. 

Churchill, D. J., G. C. Carnwath, A. J. Larson, and S. A. Jeronimo. 2017. Historical forest 

structure, composition, and spatial pattern in dry conifer forests of the western Blue 

Mountains, Oregon. General Technical Report PNW-GTR-956, U.S. Department of 

Agriculture, Forest Service, Pacific Northwest Research Station, Portland, OR. 

Clyatt, K. A., J. S. Crotteau, M. S. Schaedel, H. L. Wiggins, H. Kelley, D. J. Churchill, and A. J. 

Larson. 2016. Historical spatial patterns and contemporary tree mortality in dry mixed-

conifer forests. Forest Ecology and Management 361:23-37. 

Cook, B. I., R. Seager, and R. L. Miller. 2011. On the causes and dynamics of the early 

Twentieth-Century North American pluvial. Journal of Climate 24:5043-5060. 

Cooper, C. F. 1961. Pattern in ponderosa pine forests. Ecology 42:493-499. 

Davis, K.T., S. Z. Dobrowski, P. E. Higuera, Z. A. Holden, T. T. Veblen, M. T. Rother, S. A. 

Parks, A. Sala, and M. P. Maneta. 2019. Wildfires and climate change push low-elevation 

forests across a critical climate threshold for tree regeneration. Proceedings of the 

National Academy of Sciences 116:6193-6198. 

Dieterich, J. H. 1980. The composite fire interval – a tool for more accurate interpretation of fire 

history. In: Stokes, M.A., Dietrich, J.H. (Tech. Coords.), Proceedings of the Fire History 

Workshop. USDA For. Ser. Rocky Mountain Research Station, Fort Collins, CO, Gen. 

Tech. Rep. RM-GTR-81, pp. 8–14. 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Dunbar-Irwin, M., H. D. Safford. 2016. Climatic and structural comparison of yellow pine and 

mixed-conifer forests in northern Baja California (Mexico) and the eastern Sierra Nevada 

(California, USA). Forest Ecology and Management 363:252–266. 

Evett, R., E. Franco-Vizcaino, and S. L. Stephens. 2007a. Comparing modern and past fire 

regimes to assess changes in prehistoric lightning and anthropogenic ignitions in a Jeffrey 

pine-mixed conifer forest in the Sierra San Pedro Martir, Mexico. Canadian Journal of 

Forest Research 37:318-330. 

Evett, R., E. Franco-Vizcaino, and S. L. Stephens. 2007b. Phytolith evidence for the absence of a 

prehistoric grass understory in a Jeffrey pine-mixed conifer forest in the Sierra San Pedro 

Martir, Mexico. Canadian Journal of Forest Research 37:306-317. 

Fertel, H. M., M. P. North, A. M. Latimer, and J. Ng. 2022. Growth and spatial patterns of 

natural regeneration in Sierra Nevada mixed-conifer forests with a restored fire 

regime. Forest Ecology and Management 519:120270. 

Fry, D. L., S. L. Stephens, B. M. Collins, M. P. North, E. Franco-Vizcaíno, and S. J. Gill. 2014. 

Contrasting spatial patterns in active-fire and fire- suppressed Mediterranean climate old-

growth mixed conifer forests. PLoS ONE 9(4):1–15. 

Fry, D. L., J. T. Stevens, A. T. Potter, B. M. Collins, and S. L. Stephens. 2018. Surface fuel 

accumulation and decomposition in old-growth pine-mixed conifer forests, northwestern 

Mexico. Fire Ecology 14(2):1-15. 

Grissino-Mayer, H. D. 1996. A 2129-year reconstruction of precipitation for northwestern New 

Mexico, USA. Tree Rings, Environment, and Humanity, pp.191-204.  

Grissino-Mayer, H. D. 2001. FHX2 - Software for Analyzing Temporal and Spatial Patterns in 

Fire Regimes from Tree Rings. 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Hagmann, R. K., P. F. Hessburg, S. J. Prichard, N. A. Povak, P. M. Brown, P. Z. Fulé, R. E. 

Keane, E. E. Knapp, J. M. Lydersen, K. L. Metlen, M. J. Reilly, A. J. Sánchez Meador, S. 

L. Stephens, J. T. Stevens, A. H. Taylor, L. L. Yocom, M. A. Battaglia, D. J. Churchill, 

L. D. Daniels, D. A. Falk, P. Henson, J. D. Johnston, M. A. Krawchuk, C. R. Levine, G. 

W. Meigs, A. G. Merschel, M. P. North, H. D. Safford, T. W. Swetnam, and A. E. M. 

Waltz, 2021. Evidence for widespread changes in the structure, composition, and fire 

regimes of western North American forests. Ecological Applications 31(8). 

Hessburg, P. F., B. G. Smith, and R. B. Salter. 1999. Detecting change in forest spatial patterns 

from reference conditions. Ecological applications 9:1232-1252. 

Hessburg, P., D. Churchill, A. Larson, R. Haugo, C. Miller, T. Spies, M. North, N. Povak, R. T. 

Belote, P. Singleton, W. Gaines, R. Keane, G. Aplet, S. Stephens, P. Morgan, P. Bisson, 

B. Rieman, R. B. Salter, and G. Reeves. 2015. Restoring fire-prone Inland Pacific 

landscapes: seven core principles. Landscape Ecology 30:1805-1835. 

Hessburg, P. F., C. L. Miller, S. A. Parks, N. A. Povak, A. H. Taylor, P. E. Higuera, S. J. 

Prichard, M. P. North, B. M. Collins, M. D. Hurteau, A. J. Larson, C. D. Allen, S. L. 

Stephens, H. Rivera-Huerta, C. S. Stevens-Rumann, L. D. Daniels, Z. e. Gedalof, R. W. 

Gray, V. R. Kane, D. J. Churchill, R. K. Hagmann, T. A. Spies, C. A. Cansler, R. T. 

Belote, T. T. Veblen, M. A. Battaglia, C. Hoffman, C. N. Skinner, H. D. Safford, and R. 

B. Salter. 2019. Climate, environment, and disturbance history govern resilience of 

Western North American Forests. Frontiers in Ecology and Evolution 7. 

Hessburg, P. F., S. J. Prichard, R. K. Hagmann, N. A. Povak, and F. K. Lake. 2021. Wildfire and 

climate change adaptation of western North American forests: a case for intentional 

management. Ecological Applications 31(8).  

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Hijmans, R. 2022. terra: Spatial Data Analysis. 

Knapp, E. E., J. M. Lydersen, M. P. North, and B. M. Collins. 2017a. Efficacy of variable 

density thinning and prescribed fire for restoring forest heterogeneity to mixed-conifer 

forest in the central Sierra Nevada, CA. Forest Ecology and Management 406:228-241. 

Knapp, A. K., M. L. Avolio, C. Beier, C. J. Carroll, S. L. Collins, J. S. Dukes, L. H. Fraser, R. J.  

Griffin‐Nolan, D. L. Hoover, A. Jentsch, and M. E. Loik. 2017b. Pushing precipitation 

to the extremes in distributed experiments: recommendations for simulating wet and dry 

years. Global Change Biology 23:1774-1782. 

Larson, A. J., and D. J. Churchill. 2012. Tree spatial patterns in fire-frequent forests of western 

North America, including mechanisms of pattern formation and implications for 

designing fuel reduction and restoration treatments. Forest Ecology and Management 

267:74–92. 

Lydersen, J. M., M. P. North, E. E. Knapp, and B. M. Collins. 2013. Quantifying spatial patterns 

of tree groups and gaps in mixed-conifer forests: reference conditions and long-term 

changes following fire suppression and logging. Forest Ecology and Management 

304:370-382. 

Meunier, J., P. M. Brown, and W. H. Romme. 2014. Tree recruitment in relation to climate and 

fire in northern Mexico. Ecology 95:197-209. 

Minnich, R. A., M. G. Barbour, J. H. Burk, and R. F. Fernau. 1995. Sixty Years of Change in 

Californian Conifer Forests of the San Bernardino Mountains. Conservation Biology 9: 

902–914.  

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Minnich, R. A., M. G. Barbour, J. H. Burk, and J. Sosa-Ramírez.  2000. Californian mixed-

conifer forests under unmanaged fire regimes in the Sierra San Pedro Mártir, Baja 

California, Mexico. Journal of Biogeography 27:105–129.  

Murphy, J. S., R. York, H. R. Huerta, and S. L. Stephens. 2021. Characteristics and metrics of 

resilient forests in the Sierra de San Pedro Martír, Mexico. Forest Ecology and 

Management 482:118864. 

North, M., M. Hurteau, R. Fiegener, and M. Barbour. 2005. Influence of fire and El Nino on tree 

recruitment varies by species in Sierran mixed conifer. Forest Science 51:187-197. 

North, M., P. Stine, K. l. O’Hara, W. J. Zielinski, and S. L. Stephens. 2009a. An Ecosystem 

Management Strategy for Sierran Mixed-Conifer Forests. USDA Forest Service. Pacific 

Southwest Research Station General Technical, Report PSW-GTR-220. 

North, M., K. Van de Water, S. L. Stephens, and B. Collins. 2009b. Climate, rain shadow, and 

human-use influences on Eastern Sierra Nevada fire regimes. Fire Ecology 5(3):20-34.. 

North, M. P., R. E. Tompkins, A. A. Bernal, B. M. Collins, S. L. Stephens, and R. A. York. 

2022. Operational resilience in western US frequent-fire forests. Forest Ecology and 

Management 507:120004. 

Pearson, G. A. 1933. A twenty-year record of changes in an Arizona ponderosa pine forest. 

Ecology 14:272–285. 

Peet, R. K. 1981. Forest vegetation of the Colorado Front Range. Vegetatio 45:3–75. 

Potter, D. A., 1998. Forested communities of the upper montane in the central and southern 

Sierra Nevada (Gen Tech. Rep. No. PSW-169). USDA Forest Service, Pacific Southwest 

Research Station. 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Puhlick, J.J., D. C. Laughlin, and M. M. Moore. 2012. Factors influencing ponderosa pine 

regeneration in the southwestern USA. Forest Ecology and Management 264:10-19. 

R Core Team, 2021. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. 

Rivera-Huerta, H., H.D. Safford, and J.D. Miller. 2016. Patterns and trends in burned area and 

fire severity from 1984 to 2010 in the Sierra de San Pedro Mártir, Baja California, 

Mexico. Fire Ecology 12:52-72. 

Rodman, K. C., A. J. Sánchez Meador, M. M. Moore, and D. W. Huffman. 2017. Reference 

conditions are influenced by the physical template and vary by forest type: A synthesis of 

Pinus ponderosa-dominated sites in the southwestern United States. Forest Ecology and 

Management 404:316-329. 

Sánchez Meador, A. J., M. M. Moore, J. D. Bakker, and P. F. Parysow. 2009. 108 years of 

change in spatial pattern following selective harvest of a Pinus ponderosa stand in 

northern Arizona, USA. Journal of Vegetation Science 20:79–90.  

Savage, M. A., P. M. Brown, and J. Feddema. 1996. The role of climate in a pine forest 

regeneration pulse in the southwestern United States. Ecoscience 3:310–318. 

Skinner, C. N., J. H. Burk, M. G. Barbour, E. Franco-Vizcaíno, and S L. Stephens.  2008. 

Influences of climate on fire regimes in montane forests of north-western Mexico. 

Journal of Biogeography 35:1436–1451.  

Stahle, D. W., E. R. Cook, M. K. Cleaveland, M. D. Therrell, D. M. Meko, H. D. Grissino-

Mayer, E. Watson, and B. H. Luckman. 2000. Tree-ring data document 16th century 

megadrought over North America. Eos 81(12):212.  

Stan Development Team, 2020. RStan: the R interface to Stan. 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Steel, Z. L. 2023. zacksteel/TreeRecruits_ClimFire: Publication release (v1.0). Zenodo. 

https://doi.org/10.5281/zenodo.7730693 

Steel, Z. L., Foster, D., Coppoletta, M., Lydersen, J. M., Stephens, S. L., Paudel, A., Markwith, 

S. H., Merriam, K., & Collins, B. M. 2021. Ecological resilience and vegetation transition 

in the face of two successive large wildfires. Journal of 

Ecology, 109, 3340– 3355. https://doi.org/10.1111/1365-2745.13764 

Steel, Z. L., G.M. Jones, B. M. Collins, R. Green, A. Koltunov, K. L. Purcell, S. C. Sawyer, M. 

R. Slaton, S. L. Stephens, P. Stine, and C. Thompson. 2022. Mega‐disturbances cause 

rapid decline of mature conifer forest habitat in California. Ecological Applications 

e2763. 

Stephens, S. L. 2004. Fuel loads, snag density, and snag recruitment in an unmanaged Jeffrey 

pine-mixed conifer forest in northwestern Mexico. Forest Ecology and Management 199: 

103-113. 

Stephens, S. L., and D. Fry. 2005. Spatial distribution of regeneration patches in an old-growth 

Pinus Jeffrey-mixed conifer forest in northwestern Mexico. Journal of Vegetation 

Science 16:693–702.  

Stephens, S. L., and P. Z. Fule. 2005. Western pine forests with continuing frequent fire regimes: 

Possible reference sites for management. Journal of Forestry 103:357-362. 

Stephens, S. L., and S J. Gill. 2005. Forest structure and mortality in an old-growth Jeffrey pine-

mixed conifer forest in north-western Mexico. Forest Ecology and Management 205:15–

28.  

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1365-2745.13764


 
 

Stephens, S. L., C. N. Skinner, and S. J. Gill. 2003. Dendrochronology-based fire history of 

Jeffrey pine - mixed conifer forests in the Sierra San Pedro Martir, Mexico. Canadian 

Journal of Forest Research 33:1090–1101.  

Stephens, S. L., D. L. Fry, E. Franco-Vizcaino, B. M. Collins, and J. J. Moghaddas. 2007. Coarse 

woody debris and canopy cover in an old-growth Jeffrey pine-mixed conifer forest from 

the Sierra San Pedro Martir, Mexico. Forest Ecology and Management 240:87-95. 

Stephens, S. L., J. K. Agee, P. Z Fulé, M. P. North, W. H. Romme, T. W. Swetnam, and M. G. 

Turner. 2013. Managing forests and fire in changing climates. Science 342:41-42.  

Stephens, S. L., B. M. Collins, C. J. Fettig, M. A. Finney, C. M. Hoffman, E. E. Knapp, M. P. 

North, H. Safford, and R. B. Wayman. 2018. Drought, tree mortality, and wildfire in 

forests adapted to frequent fire. BioScience 68:77–88. 

Stephens, S. L., M. A. Battaglia, D. J. Churchill, B. M. Collins, M. Coppoletta, C. M. Hoffman, 

J. M. Lydersen, M. P. North, R. A. Parsons, S. M. Ritter, and J. T. Stevens. 2021. Forest 

restoration and fuels reduction: Convergent or divergent? Bioscience 71:85-101. 

Swetnam, T. W., and J. L. Betancourt. 1998. Mesoscale disturbance and ecological response to 

decadal climatic variability in the American southwest. Journal of Climate 11:3128–

3147. 

Swetnam, T. W., and C. H. Baisan. 2003. Tree-ring reconstructions of fire and climate history in 

the Sierra Nevada and Southwestern United States, in: Fire and Climatic Change in the 

Americas. Springer Verlag, New York. 

Stewart, J. A., P. J. van Mantgem, D. L. Young, K. L. Shive, H. K. Preisler, A. J. Das, N. L. 

Stephenson, J. E. Keeley, H. D. Safford, M. C. Wright, and K. R. Welch. 2021. Effects of 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

postfire climate and seed availability on postfire conifer regeneration. Ecological 

Applications 31(3) e02280. 

Taylor, A. H. 2004. Identifying forest reference conditions on early cut-over lands, Lake Tahoe 

Basin, USA. Ecological Applications 14:1903–1920.  

Vehtari, A., A. Gelman, and J. Gabry. 2017. Practical Bayesian model evaluation using leave-

one-out cross-validation and WAIC. Statistics and Computing 27:1413–1432.  

Weaver, H. 1943. Fire as an ecological and silvicultural factor in the ponderosa-pine region of 

the pacific slope. Journal of Forestry 41:7-15. 

West, N. E. 1969. Tree patterns in central Oregon ponderosa pine forests. American Midland 

Naturalist 81:584-590. 

White, A. S. 1985. Presettlement regeneration patterns in a southwestern ponderosa pine stand. 

Ecology 66:589-594. 

Williams, A. P., J. T. Abatzoglou, A. Gershunov, J. Guzman-Morales, D. A. Bishop, J. K. Balch, 

and D. P. Lettenmaier. 2019. Observed impacts of anthropogenic climate change on 

wildfire in California. Earth’s Future 7:892–910. 

Williams, A. P. E. R. Cook, J. E. Smerdon, B. I. Cook, J. T. Abatzoglou, K. Bolles, S. H. Baek, 

A. M. Badger, and B. Livneh. 2020. Large contribution from anthropogenic warming to 

an emerging North American megadrought. Science. 368(6488):314-318.  

Williams, A. P. 2022. Climate observation data, modeled soil moisture and reconstructed soil 

moisture model outputs from June 800 through 2021 (NCEI Accession 0241207). NOAA 

National Centers for Environmental Information. Dataset. https://doi.org/10.25921/8pt9-

hz08. Accessed May 2022. 

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Williams, A. P., B. I. Cook, and J. E Smerdon. 2022. Rapid intensification of the emerging 

southwestern North American megadrought in 2020–2021. Nature Climate Change 

12:232–234.  

 

  

 19395582, ja, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2844 by O

regon State U
niversity, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

Table 1. Site and forest characteristics from three old-growth Jeffrey pine dominated forests in 

California and northwestern Mexico.  

Site 

Elev. 

(m) Soil Type 

Species Composition 

(Stems >2.5 cm DBH) 

Density (stems ha-1)  

Live  Snag Seedling 

Bridgeport 2500 Decomposed granitic 

rock, typic cryop-

xeropsamments, loamy 

coarse sand 

JP:40.7%, SJ:17.1%, 

WF:10.2%, QA:10.2%, 

LP:1.3%, WP:1.2%, 

PM:0.1% 

428.3 21.5 198.5 

SSPM-

Granitic 

2410 Decomposed granitic 

rock, typic 

xeropsamments, mostly 

loamy sands (Stephens 

and Gill 2005). 

JP:83.7%, WF:13.4%, 

SP:2.2%, LP:0.8% 

193 3.5 176 

SSPM-

Metamorphic 

2440 Quartz schist rock, 

mostly sandy loams (Fry 

et al. 2018). 

JP: 99.3%, CO: 0.6%, 

EO: 0.6%, WF: 0.1% 

373.8 9.8 153.8 

JP, Pinus jeffreyi (Grev. & Balf.); SJ, Juniperus occidentalis (Hook.); WF, Abies concolor (Gord. & 

Glend.) Lindl.); SP, P. lambertiana (Dougl. Ex. Loud.); QA, Populus tremuloides (Michx.); CO, 

Quercus chrysolepis (Liebm.); EO, Q. emoryi (Torr.); LP, P. contorta var. murrayana (Dougl. 

Ex. Loud.); WP, P. monticola (Douglas ex D. Don); PM, P. monophylla (Torr. & Frém.). SSPM, 

Sierra San Pedro Martir.  
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Figure captions 

Figure 1. Stem maps of three study sites in southwestern North America. SSPM: Sierra San 

Pedro Martir in northern Baja California, Mexico.   

Figure 2. Forest conditions at the A) Sierra San Pedro Martir (SSPM) granite site in Baja 

California, B) SSPM metamorphic site in Baja California, and C) Sierra Nevada granite site in 

California. Photo credits: Scott L. Stephens. 

Figure 3 . Conifer recruitment, soil moisture anomaly, and fire history data. Fires (recorded by at 

least two scared trees) are noted as red triangles. Vertical dotted lines indicate the first fire year 

and the first year included in statistical analysis for each site. Extreme soil moisture years (>1 

standard deviation from mean) are indicated by colored circles in d and e. 

Figure 4. Standardized model coefficient estimates on log scale for recruitment of old-growth 

Jeffrey pine mixed conifer forests in the Sierra San Pedro Martir (SSPM) in Mexico and the 

Sierra Nevada (SN) in California, US (Gran = granite site; Meta = metamorphic site).   

Figure 5. Conditional marginal effects of soil moisture and fire-free interval when the other 

predictor is held at its mean value. (SN = Sierra Nevada; SSPM = Sierra San Pedro Martir; Gran 

= granite site; Meta = metamorphic site).   

Figure 6. Expected annual recruitment difference between realized and counterfactual scenarios. 

The black lines show predicted recruitment departures relative to a 14-year fire return interval up 

to 1982. The blue lines show predicted recruitment departures attributable to climate change-

associated soil moisture declines for 1912-2021. (SN = Sierra Nevada; SSPM = Sierra San Pedro 

Martir; Gran = granite site; Meta = metamorphic site).   
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