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ABSTRACT 

 At regional scales climate patterns (e.g., interannual wet-dry cycles) result in high 

spatial fire synchrony among Southwest forests.  However, in the “Sky Island” forests of 

southeastern Arizona spatial and temporal patterns of fire history and tree age structure at 

landscape levels (i.e., within mountain ranges) are relatively unknown and therefore the 

focus of this study.  In the Santa Catalina Mountains we reconstructed the fire history on 

a 2,900-hectare study area with two distinct landscapes, Butterfly Peak (BP) and Rose 

Canyon (RC) using 2-hectare “points” (i.e., collection areas).  The RC landscape was 

dominated by shallow south-facing aspects and BP was dominated by steep north-facing 

aspects.  Within each landscape, point mean fire intervals (PMFIs) were not significantly 

different between aspect classes.  However, pooled PMFIs were significantly shorter in 

RC compared to BP.  These results show that the fire history at any given point (i.e., 2 

hectares or less) was primarily controlled by the broad-scale topography of the 

encompassing landscape, rather than by the fine-scale topography at that point.   

Using similar methods we also reconstructed the fire history on Rincon Peak, 

which is a small isolated mountain range with very step topography.  The fire history of 

the 310-hectare forest area was a mixture of frequent low severity surface fires (from AD 

1648 to 1763) and infrequent mixed-severity fires (from AD 1763 to 1867).  This mixed-

fire regime was probably due to a combination of climatic variability, the small area and 

rugged topography of this mountain range, and complex fuel arrangements.  The distinct 

fire histories from these two study areas provided natural age structure experiments that 

indicated tree age cohorts (i.e., higher than expected tree establishment pulses) occurred 
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during periods of reduced fire frequencies.  In some instances these periods were likely 

caused by climatic variability (e.g., a wet and/or cool early 1800s) creating synchronous 

age cohorts across the region.  At other times, extended fire intervals were a function of 

local topography (e.g., 1763-1819 in the northern half of Rincon Peak).  Overall, these 

studies demonstrated that landscape and climatic variations combine to produce complex 

spatial and temporal variations in fire history and tree age structures.  
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CHAPTER 1 – INTRODUCTION 

 

Explanation of Problem 

 Earth has long been a fire environment.  Ever since plants began producing 

biomass, fires have ignited and their ecological effects have repeated over and over (Agee 

1993).  Forests in particular have a long history of fire, because of the biomass they 

produce and store.  There are three primary factors that produce a natural fire 

environment: (1) seasonal droughts, (2) abundant ignition sources, and (3) abundant 

fuels.  In the forests of the southwestern U.S. seasonal drought is caused by a distinct dry 

period between winter storms and summer monsoons.  Ignition sources abound, from 

humans to a landscape saturation of lightning strikes.  Fuels for the southwestern fire 

environment come from a combination of grasses, needles and woody material.  These 

factors lead to a fire environment that can support a high frequency of fires, but the 

history of forest fires has varied both in time and space. 

 Like other living creatures, humans in the southwestern U.S. have tried different 

adaptations to forest fires.  Indigenous people found ways to live within the natural fire 

regime (Kaib 1998, Pyne 2001).  Although there is no doubt that indigenous people used 

fire in warfare and hunting, for the most part, historical fire regimes appear to have been 

controlled by climatic patterns (Kaib 1998, Baisan and Swetnam 1990, Swetnam and 

Betancourt 1998).  This suggests that in the southwestern U.S., indigenous people neither 

suppressed nor increased fire frequencies at regional scales.  Euro-American settlers to 

the southwestern U.S. adapted a different strategy towards forest fires.  This group of 
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people perceived forest fires as destructive and failed to recognize their benefits (Bahre 

1985).  After the great fires of 1910, the newly created U.S. Forest Service set out to 

suppress all forest fires (Pyne 1982) 

 Forest fire suppression strategies and increased grazing succeeded in limiting fire 

activity up until latter half of the 20th century.  By this time, forests that had burned every 

5-10 years prior to 1900 had gone almost a century without fire (Swetnam and Baisan 

2001).  Recent large forest fire complexes in and around southwestern U.S. urban centers 

have focused attention on the consequences of fire exclusion.  Direct effects of fire 

exclusion have included increased tree densities, decreased forest health, decreased 

nutrient recycling, and increased shade-tolerant species (Covington and Moore 1994).  

Indirect impacts have been larger patches of stand-replacing fires, increased susceptibility 

to insect and drought mortality as well as increased cost of fire suppression.   

 In the last few decades several factors have contributed to a consensus that fuel 

reduction and fire restoration are needed.  One of these factors was a more 

comprehensive understanding of the ecological role of forest fires, which has been long 

advocated (Leopold 1924, Weaver 1951, Cooper 1960).  Another factor was a series of 

massive fire events in the southwestern U.S. caused by a combination of drought 

conditions and high fuel loads.  Recent wildfires like the Cerro Grande (2001), Rodeo-

Chedeski (2002) and Aspen (2003), have burned thousands of hectares, resulting in large 

patches of denuded forest caused by fires raging through tree canopies.  This has been 

ecologically detrimental given that most Southwest forests particularly ponderosa pine 

and mixed-conifer forests did not burn at such high intensities prior to the suppression of 
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historic fires.  Recent wildfires have also had a socio-economic impact because they have 

caused community evacuations and in many cases destroyed hundreds of homes.  Recent 

wildfires have also affected management actions elsewhere as many communities are 

now aware of the dangers of forest fires.  Many of these communities have initiated 

actions to minimize this danger by participating in fuel treatment projects.  However, 

forest managers need to understand that although urban-wildland interfaces are 

important, attention must also be placed on managing entire forest landscapes, given that 

these forests are what future generations will inherit.   

 

Dealing with high fuel loads and recent wildfires 

 The destructive nature of recent wildfires in the last several decades has made it 

clear that fire was once and will continue to be a natural occurrence in Southwest forests.  

To minimize the severity of future fires thinning and prescribed fire must be applied at 

landscape levels in a manner that mimics historical fire regimes.  However, before there 

is widespread use of prescribed fire and mechanical treatments, there must be a clear and 

comprehensive understanding of the temporal and spatial patterns of historical fire 

regimes and the factors that controlled them.  That is, we need to understand fire history 

and stand structure patterns before we apply management actions intended to restore or 

mimic historical fire regimes.  Additionally, we need to explore the historical range of 

variability in terms of fire extent and fire severity so that current fires can be evaluated 

within a broader historical and ecological context.      
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 Fire history in Southwest forests has been well studied (Swetnam and Baisan 

2001, 2003).  Most fire history research conducted in the Southwest forests has focused 

on either regional or place-specific reconstructions (Swetnam and Baisan 1996, Swetnam 

and Betancourt 1998, Fule et al. 2003).  This wealth of research has revealed that 

temporal variations in past fire regimes in Southwest forests was strongly controlled by 

inter-annual climate variability (Swetnam and Betancourt 1998, Grissino-Mayer and 

Swetnam 2000).  In general, drought years were associated with increased fire 

occurrences at regional scales, especially when dry years were preceded by wet years that 

increased fine fuel production (Baisan and Swetnam 1990).  Such inter-annual climate 

patterns resulted not only in large fires within individual mountain ranges but 

synchronized fire events across Southwest forests.  Hence, spatial and temporal patterns 

at regional scales were strongly controlled by climate.   

 The emphasis on regional fire history analysis has required sampling a network of 

sites across the Southwest.  This type of sampling has restricted in-depth investigations of 

within mountain range fire history spatial patterns.  Although we know that climatically 

dry years caused fire synchrony across Southwest forests, we also know that fires did not 

burn every single hectare of forest.  Moreover, we know that fire spread was dictated by 

fuels, topography and weather (Agee 1993), yet we do not know how these factors 

affected historical fire spread patterns.  There is a need to examine the relationship 

between fire history measures and the physical conditions at landscape levels.  That is, 

there is a deficiency of research on the effects of the physical landscape on fire history 

variability.   
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 Ultimately the problem is the lack of knowledge concerning intra-maintain fire 

history spatial patterns.  This lack of intra-maintain comparisons is precisely what this 

research hopes to address.  Evaluating this problem will further our understanding of fire 

regime patterns and encourage managers to re-introduce fire as a keystone process in 

Southwest forests.  It is my hope that this information is translated into management 

actions that will result in naturally sustainable forests.  It is my ultimate goal to contribute 

towards a better understanding of landscape fire patterns in Southwest forests so that the 

material as well as the spiritual benefits of these national treasures can be enjoyed by 

future generations.     

 

Approach 

 To address the lack intra-mountain (i.e., landscape level) comparisons of fire 

regimes and forest structure, this research is based on a multi-faceted approach using 

dendrochronology and spatial analysis.  Dendrochronology was used to identify years of 

fire-scar formation, establishment (pith) dates and outer-most rings of living and dead 

trees.  Spatial analyses were based on spatial comparisons of fire history and tree age 

structure patterns. 

 Of course the approach of any research projects begins with the sampling.  In this 

case since the objective was to make intra-mountain age structure and fire history 

comparisons, the first step was to select the study area.  Intra-mountain fire history 

comparisons were done in the Santa Catalina Mountains where I selected a study area 

that covered two distinct landscapes Butterfly Peak (BP) and Rose Canyon (RC).  This 
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study area was selected because it contained these two landscapes that were 

topographically different and thus had potentially different fire histories.  Fire history 

spatial patterns where also investigated in the Rincon Peak study area within the Rincon 

Mountains.  The Rincon Peak study area was selected because preliminary research 

(Baisan and Swetnam 1995) suggested some unique spatial and temporal patterns that 

warrant further investigation.  This study area also provided the means to make age 

structure comparisons both within and between mountain ranges. 

 

Fire history sampling  

The Butterfly Peak (BP), Rose Canyon (RC) and Rincon Peak (RP) landscapes 

were sampled independently.  The following are general procedures used to obtain 

samples for fire history reconstructions, although more detail methods are outlined in the 

Appendix.  In general, after delineating the boundary of each landscape, fire history 

samples were collected using a aspect-stratified random sampling framework.  Each 

landscape was initially stratified into three aspect classes.  To ensure complete spatial 

coverage, each landscape was also separated into several sampling units of roughly equal 

size using natural features (i.e. ridges, streams etc.).  To compare fire history measures 

between topographic settings, at least three points (one per aspect class) were randomly 

selected within each sampling unit. 

On the ground, each sampling point was located to within 10-meters and served as 

plot center.  Fire-scar samples were collected using 2 hectare circular plots within which 

all fire-scarred trees were located, but only 4-9 of best-preserved samples were actually 
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collected.  Although each fire history plot covered an area of 1-2 hectares, it was 

considered a “point” relative to the extent of the entire study area.  The objective of the 

fire-scar sampling was to obtain as complete and as long a fire history record as possible 

for that particular plot area (Swetnam and Baisan 1996).  Hence, fire-scar samples were 

taken from trees with the most and best-preserved fire scars including downed logs, 

standing snags and live trees.  In the laboratory, fire-scarred samples were sanded then 

cross-dated using dendrochronological techniques (Stokes and Smiley 1968), and each 

fire-scar was assigned a calendar year.   

 

Organization of the Dissertation 

 The research results are presented here in three separate papers prepared in 

journal manuscript format.  Each paper represents a separate study and is presented here 

as an appendix.  Each one has a detailed introduction including a literature review as well 

as a methods, results, discussion and conclusion sections.  Although each paper is 

presented separately, they are related in that they all use dendrochronology and focus on 

fire history spatial and temporal patterns in a set of landscapes in the Santa Catalina and 

Rincon Mountains. 

 The first paper (Appendix A) titled “Comparing Landscape Fire History Patterns 

in the Santa Catalina Mountains, USA” has been prepared for submission to the journal 

“Landscape Ecology”.  This study compares the fire history of two landscapes in the 

Santa Catalinas using point and area based fire frequencies.   
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 The second paper (Appendix B) titled “Temporally and Spatially Mixed-fire 

Regimes in the Rincon Peak Sky Island” was prepared for submission to the journal “Fire 

Ecology”.  This paper documents the unusual fire history of Rincon Peak and uses 

multiple lines of evidence to reconstruct a fire regime which had both a surface and a 

stand-replacing fire component.  This research highlights the importance of both climate 

and landscape fuel arrangement in determining fire history spatial and temporal patterns. 

 The third paper (Appendix C) titled “Effects of Fire History and Moisture on 

Historical Age Structure Patterns” will be submitted to the journal “Forest Ecology and 

Management”.  This study takes advantage of natural experiment, to test the importance 

of fire versus moisture on tree cohort recruitment patterns.  This study uses age structure 

and fire history information collected from the Santa Catalinas and Rincon Peak study 

areas.   
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CHAPTER 2 – PRESENT STUDY 

 The detailed methods, results and conclusions of this study are presented in 

papers appended to this dissertation.  The following is a summary of these findings and 

their forest management implications.   

 

Background 

 Pine and mixed-conifer forests in the southwestern U.S. face a number of threats 

including invasive exotic species, urban and recreational development, and severe stand-

replacing fires.  These forests experienced historically frequent surface fires that spread 

through fine fuels composed of grasses and pine needles (Swetnam and Baisan 1996).  

Fire exclusion over the last century has resulted in increased numbers of small trees that 

connect surface and crown fuels.  This has changed fire behavior from predominantly low 

to high severity fires (Weaver 1951, Cooper 1960, Covington and Moore 1994).  Large 

fires (i.e., over thousands of hectares) that produce total canopy mortality are devastating 

in southwestern ponderosa pine forests because they are historically unprecedented and 

have severe ecological consequences (DeBano et al. 1998).  Moreover, crown fires are 

almost impossible to control and thus pose a threat not only to forests, but to human lives 

and property in the wildland-urban interface. 

 Thinning and prescribed fire are the two prominent strategies for reducing the 

threat of stand-replacing fires in Southwest forests.  Thinning refers to the mechanical 

removal of trees and prescribed fire refers to fires applied in a controlled manner (either 

ignited by humans or natural causes).  Each of these methods has advantages and 
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disadvantages.  For example, thinning is a more precise management tool because it 

allows managers to remove the exact number and size of trees.  However, the limitations 

of thinning include, among others, soil compaction, cost, accessibility, and biomass 

disposal.  These limitations are not associated with prescribed fire, but constraints shared 

by both methods including litigation and public acceptance.  Other prescribed fire 

constraints include smoke dispersal, timing and control issues.  To be effective, 

prescribed fire must be low severity, yet severe enough to kill small trees and consume 

accumulated fuels.  Achieving these results can be difficult, and there is always a risk that 

the fire may escape.  Despite limitations, the advantage of prescribed fire is its 

applicability over large areas at relatively low cost compared to mechanical thinning 

(Pollet and Omi 2002, Harrington 1996).   

 The threat of stand-replacing fires is an immediate concern, but it is clear that at a 

regional level the long-term integrity and sustainability of Southwest pine forests is 

dependent upon the re-introduction of surface fires (Allen et al. 2002).  In these forests, 

surface fires are a keystone process that influences forest structure and composition 

(Appendix C).  In turn, the forest structure and composition influences wildlife habitat, 

hydrology and other ecosystem components (Ganey and Dick 1995, DeBano et al. 1998).  

Initially, thinning can be useful to reduce the threat of crown fires, especially in high-risk 

areas such as the urban-wildland interface.  However, it is impossible, physically and 

economically, to thin all the pine forests that need treatment.  Prescribed fires, on the 

other hand, could be applied over large areas and would provide many of the natural 

functions of historical fires such as seed bed preparation and nutrient recycling (Sackett 
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et al. 1996).  Therefore, prescribed fire should ultimately be the preferred method for 

reducing fuel loads and maintaining healthy forest (Allen et al. 2002).   

 

Fire Compartments 

 If management objectives are to reduce the threat of stand-replacing fires and 

restore surface fire regimes in Southwest pine forests, then it is important for mangers to 

understand fire history patterns (Veblen 2003).  Fire history patterns vary both temporally 

and spatially.  Historically, temporal fire frequency variability was most often related to 

climate (Swetnam and Betancourt 1998), although human (Kaye and Swetnam 1999), 

and other factors were also important (Barton et al. 2001, see Appendix B), and spatial 

fire frequency variability was often controlled by topography (Taylor and Skinner 1998, 

2003, Taylor 2000, Beaty and Taylor 2001, Heyerdahl et al. 2001, and see Appendix A). 

The spatial and temporal variability of fire history patterns restricts the use of a one-size-

fits-all fire regime model across all southwestern pine forests.  Ideally fire regime 

restoration would follow local historical spatial and temporal patterns (Veblen 2003), but 

reconstructing these patterns for all forests is not feasible.  However, it may be possible 

to extrapolate fire history patterns using physical factors such as topography.  The 

research presented here suggests there is a strong relationship between point mean fire 

intervals (PMFIs) and broad-scale topography that could be used to extrapolate fire 

history patterns across large areas.  That is, mean fire intervals at a particular location 

(point) depend on to the surrounding (broad-scale) topography, rather than the 

topography at any particular location (fine-scale).  These findings are similar to other fire 
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history studies that have shown that fire frequencies at individual locations are often 

similar across large areas regardless of the vegetation type or topography at any one 

individual location (Taylor and Skinner 1998, 2003).  Therefore it may be possible to 

classify and map fire-compartments or fire history “neighborhoods” using broad-scale 

topography (Taylor and Skinner 2003, Hann et al. 2003).   

 Fire compartments based on broad-scale topographic patterns is a strategy to 

extrapolate fire history patterns, mitigate fire risks and restore historical fire patterns.  

Based on this concept, large areas (approximately 2-20 km2) with similar broad-scale 

topographic characteristics would first be identified.  Then based on topographic 

characteristics the appropriate historical fire regimes could be identified and emulated 

using prescribed fires and/or mechanical thinning.  Under this concept, management 

plans would be developed and applied over entire landscapes (thousands of hectares) 

rather than managing individual stands according to vegetation types.  This concept 

would be consistent with current scientific understanding of fire and spatial processes 

involved in restoration (Sisk et al. 2005).  The concept of fire compartments would also 

be in line with national interagency programs such as Risk Assessment and Mitigation 

Strategies (RAMS) that already use the fire compartment concept to assess fuel hazards, 

ignitions risks, fire return intervals, values and protections capabilities 

(https://www.nifc.blm.gov/nsdu/fire_planning).   

 Using topography to identify areas with similar fire regimes would also make 

mapping these fire compartments possible given the availability of Digital Elevation 

Models (DEM) and topographic maps.  However, extrapolating fire regimes would 
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require new fire history studies and meta-analysis of existing fire history studies to better 

characterize the topographic and landscape controls of past fire regimes.  This would 

include standardizing for collection area, sample sizes, and measuring broad-scale 

topographic variables around fire history collection sites.       

   The concept of identifying and mapping fire compartments based on broad-scale 

topography would result in land units of various sizes depending on topographic 

heterogeneity.  For example, fire compartments would be smaller (e.g., 3-5 km2) in 

landscapes like Butterfly Peak (BP), where elevation varies over short distances (Figure 

1).  In these landscapes historical fires were relatively small and point mean fire intervals 

(PMFIs) were highly variable both in time and space (Appendix A).  In contrast, fire 

compartments would be larger (e.g., 4-20 km2) in landscapes like Rose Canyon (RC) 

where topography is more homogeneous and elevation is similar over longer distances 

(Figure 1).  Historically, these landscapes experienced larger fires, and thus PMFI were 

similar over larger areas resulting in larger fire compartments.   

 Prescribed fires in each of these fire compartment types would also vary.  For 

example, to mimic historical fire regimes in landscapes like BP, prescribed fires that burn 

> 75% of the landscape would be applied only every 20-25 year (Appendix A).  On the 

other hand, in a landscape like RC, large fires (that burn > 75% of the area) may be 

applied every 10-15 years.  However, smaller fires that burn < 25% would be applied 

every at 4 to 5 year intervals on both types of landscapes (Appendix A).  The size and 

timing of prescribed fire may affect fire severity and landscape structure.  In landscapes 

like RC, recent studies (e.g., Agee and Skinner 2005, Finney et al. 2005) have shown that 
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wildfire impacts (i.e., canopy mortality) were less severe in areas treated with large (> 3 

km2) prescribed fires 5 to 10 years prior to the wildfire event.  In BP, less frequent and 

smaller fires could result in more moderate to high severity fire effects.  The difference in 

fire sizes may also affect landscape structure, because smaller fires may create more 

textured landscapes with numerous patches varying in time since fire.  In contrast, larger 

fires may create more homogeneous landscapes with larger patches.  Each of these 

landscape patterns may affect wildlife habitat quality specially for wide ranging animals 

(Turner et al. 1995).     

 

Managing Landscapes That Recently Experienced Wildfires 

 The opportunity to re-introduce fire has been provided by recent wildfires that 

have reduced fuel loads across many Southwest forests.  In the “sky islands” of 

southeastern Arizona, for example, most larger mountain ranges have experienced at least 

one large wildfire (> 5000 ha) within the last 25 years.  The overall burn mosaic of these 

fires have included a variety of severities, such as unburned islands as well as areas 

classified as low, moderate, and high severity (Petterson and Yool 1998, Figure 2).  In 

areas that experienced low to moderate severity wildfires, fuel loads have been reduced to 

where it is now possible to re-introduce prescribed fires to maintain low fuel levels.  

Recent wildfires have also broken-up the spatial continuity of fuels.  Therefore, areas that 

experienced high severity wildfires often lack high fuel loads and could be used by 

managers as fuel breaks to control prescribed fires in adjacent areas (Figure 3).   
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 To manage landscapes after recent wildfires, forest managers need to consider the 

ecological implications of re-introducing fire and compare these to the no-action 

alternative (i.e., not re-introducing fire).  The ecological implications of these two 

management alternatives will largely depend on three factors: (1) the severity of the most 

recent wildfire, (2) the dominant vegetation, and (3) the presence or absence of future 

fires.  Unfortunately, long-term (50-200 years) forest successional patterns after wildfires 

have not been well studied in Southwest forests, because it has only been in the last 25 

years that large fires have become more common (Barton 1999, 2002, Savage and Mast 

2005).  However, using dendrochronological techniques it is possible to reconstruct 

historical fire effects and forest successional patterns over extended time periods.   

 In the following sections I will discuss three conceptual models intended to 

evaluate the ecological implications of re-introducing versus not re-introducing fire in 

areas that have experienced recent wildfires.  This discussion will be based on research 

presented in Appendices A, B and C along with observation made while conducting this 

research.  These models will focus on three broad vegetation types, pure ponderosa pine, 

pine-oak, and mixed conifer forests.  These models are not intended to explore all 

possibilities but rather to provide a general pattern of possible successional pathways.   

 The conceptual models are based on the following assumptions: (1) prior to the 

recent wildfires, conditions in these forests were relatively dense, (2) low severity implies 

little or no tree canopy mortality, (3) moderate severity implies up to 90% of canopy trees 

were killed but needles remained, (4) high severity implies complete (> 90%) canopy 

mortality and needle consumption.  Conditions after a wildfire are described in terms of 
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the dominant tree or shrub species.  Fire re-introduction implies the restoration of 

frequent fires at low severities.  Fire exclusion is the no-action alternative where fires are 

not re-introduced but are instead suppressed.  In each model, forest conditions are then 

described, approximately 25 years after the initial wildfire, according to whether fire was 

re-introduced or not.  It is important to now that these are broad conceptual models that 

are non-spatial and do not address fine-scale patterns or spatial dynamics (e.g., patch size 

distribution).      

 

Pine-Oak Successional Model 

 Historically, pine-oak communities sustained frequent low intensity surface fires 

(Swetnam and Baisan 1996).  However, oaks can serve as fuel ladders for fire spread into 

pine tree-crowns, thus, patches of stand replacing fires did occur occasionally (Swetnam 

et al. 2001, Appendix B).  In pine-oak forests, stand-replacing fires favor oaks (Barton 

2002), because oaks regenerate by re-sprouting and use the same roots system as the 

killed stems, while pine trees regenerate typically through seed (Barton 2002, Figure 4).  

Historical evidence of oak dominance after stand-replacing fires were found on Rincon 

Peak, where a severe fire in 1867 killed most mature pine and oak trees creating oak-

shrub fields (Figure 5).  Subsequent fires in oak-shrub fields may be delayed because of 

the lack of fine fuels and high fuel moisture content in living oak leaves.  If fires do recur 

they favor oaks because oaks will re-sprout and slow-growing pine tree seedlings shaded 

by the oak canopy will likely be killed by fires (Barton 2002).  However, in the absence 

of subsequent fires, conifer trees may re-establish in oak-shrub fields.  For example, the 
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lack of fire on Rincon Peak since 1893 has allowed some conifers to establishment in 

oak-shrub fields, but the abundance of these trees varied probably because of variations 

in soil properties and proximity of seed sources (Figure 6).  Therefore, in pine-oak forests 

that recently experienced high severity fires, subsequent fires probably favored continued 

oak dominance, while fire exclusion may favor pine regeneration and eventual transition 

back to pine-oak forests (Figure 4).   

 Moderate severity fires in pine-oak communities result in oak-dominated stands 

with scattered pine survivors (i.e., oak-pine forests).  Depending on the distance between 

surviving pine trees, small areas of complete tree mortality between surviving pines may 

become oak-shrub fields similar to areas that experienced high severity fire.  Transition 

back to pine-oak forest may likely take longer in areas further away from seed trees 

and/or areas where soils have eroded (Barton 1999).  In areas moderately effected by 

recently fires, fire re-introductions may favor oak over pine regeneration (i.e., oak-pine in 

Figure 4) because slow-growing pine trees may not survive even surface fires.  In pine-

oak communities that experience low severity fires, re-introduction of surface fires favors 

surviving pines (i.e., open pine-oak forests) because mature pines have a thick bark that 

insulate each tree and allows it to survive surface fires (Barton 1999).  To allow a new 

pine cohort to establish extended fire intervals (i.e., 15-20 years) may be needed in areas 

burned at low to moderate severity (Appendix C).  However, excluding fires for longer 

from areas that have recently experienced both moderate to low severity fires may allow 

pines to dominate, eventually creating dense pine-oak conditions, and increasing the 

probability of stand-replacing fires (Figure 4). 
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Pure Ponderosa Pine Successional Model 

 The majority of Southwest pure ponderosa pine forests sustained historically 

frequent surface fires at intervals of 6 to 12 years (Appendix A and C).  Frequent fires 

resulted in relatively low tree densities, thereby inhibiting extensive crown fires.  Recent 

high severity fires in pure pine stands have resulted in exposed soils (Figure 3) and 

subsequent invasion by grasses (Savage and Mast 2005, Figure 7).  A historical analogy 

to these recent events is the 1867 stand-replacing fire on Rincon Peak that killed most 

trees within a 60 hectare area including a small portion of pure ponderosa pine forests.  

These pure pine forests, found primarily in north-aspects, regenerated with ponderosa 

pine (Figure 5).  It is important to note that after the 1867 fire, ponderosa pine 

establishment was delayed until 1900 (Appendix B).  Such delays could be related to a 

lack of seed source (Savage and Mast 2005), although some mature trees survived the 

1867 crown fire.  Therefore, the delay in pine establishment was probably related to fires 

in 1879 and 1893, which likely killed tree seedlings.  This suggests that if prescribed fires 

are re-introduced to areas that recently experienced high severity wildfires, these areas 

may be maintained as grasslands or meadows.  If fires are excluded then pines may 

regenerate and develop back to dense pine forests (Figure 7).  Therefore, the best option 

may be to delay re-introducing fire for 15-20 years until pine trees develop fire-resistant 

characteristics, and then re-introduce fires to maintain low fuel levels.  

 Recent wildfires provide an opportunity to re-introduce fire over large areas, 

especially areas dominated historically by ponderosa pine and frequent fires.  For 

example, the Aspen and Bullock fires both burned within the Santa Catalina study area 
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(Appendix A) which is dominated by ponderosa pine and encompasses 2,900 hectares.  

More than 70% of this study area either did not burn or burned at a low severity (Figure 

3).  In pure pine forests recent low severity wildfires opened the forests by killing smaller 

trees (ladder fuels), thus raising the crown base of surviving trees, which may limit crown 

fires in the future (Finney et al 2005, Figure 8).  These low severity fires, in a sense, 

provide similar benefits as prescribed fires or mechanical thinning, giving managers an 

opportunity to re-introduce fires to these forests.  By re-introducing frequent fires 

managers could maintain an open forest structure (Figure 7 and 8) facilitating fire control 

efforts and minimizing the risk of future crown fires. 

 The window of opportunity for re-introducing fire will only be available for a 

limited time because recent wildfires also create ideal regeneration conditions (Sackett 

1984, Savage and Mast 2005).  As the time since fire increases, fuels accumulate and new 

tree cohorts will establish (Appendix C) making prescribed fires more difficult and less 

effective (Finney et al. 2005).  For example, age structure analysis from Rincon Peak and 

Santa Catalina Mountains suggest ponderosa pine cohorts were established historically 

during reduced fire frequency periods (Appendix C).  In general, “fire gaps” longer than 

20 years appear to allow ponderosa pine trees to develop fire resistant characteristics such 

as a thick bark and elevated canopy.  Hence, managers are advised to re-introduce fire in 

the next 10 to 15 year, in areas that experienced low to moderate severity fires.  This 

should maintain tree densities low and decrease the threat of crown fires (Finney et al. 

2005).   
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 Results from this (Appendix B) and other studies (Savage and Mast 2005) show 

that after a crown fire ponderosa pine forests may recover to dense forest conditions in 

some circumstances, and the threat of crown fire may return within about 50 years.  

However, if managers want a new cohort to establish in areas that recently experienced 

high severity fires, future fires will need to be excluded for up to 20-25 years depending 

on moisture conditions (Appendix C).  Therefore, the landscape mosaic of fire severities 

may allow managers to use low fuel loads, in areas that burned at high severities as “fuel 

breaks” to help control prescribed fires in areas that burned at low and moderate fire 

severities.  Hence, cohort establishment and avoidance of dense forests conditions are 

both attainable through the use of prescribed fires at appropriate intervals.  Furthermore, 

managers could re-clear and maintain control lines build during fire suppression efforts to 

implement prescribed fire programs. 

 

Mixed-Conifer Successional Model 

 Successional patterns after recent wildfires in mixed-conifer forests will depend 

on fire severity, plant reproduction strategies and subsequent disturbances (Figure 9).  

Mixed-conifer forests that have experienced high severity fires in the last 25 years are 

now dominated by a variety of grasses, forbs and shrubs (e.g., Figure 10).  Often these 

species include Gambel oak (Quercus gambelii), New Mexican locust (Robinia 

neomexicana), netleaf oak (Q. rugosa) and quaking aspen (Populus tremuloides) all of 

which re-sprout after fire.  These species also have high leaf moisture content and hence 

may retard fire under normal conditions.  This could be important because post-fire tree-
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establishment will depend in part on subsequent fires (Figure 9).  In some sites, aspen 

may become the dominant tree species in the absence of fire.  In sites where aspen is 

absent, other shade intolerant species like ponderosa pine may establish, provided a 

nearby seed source is present.  Although unlikely, if subsequent fires recur within 2 to 10 

years after the initial wildfire, this may delay tree establishment and prolong shrub 

dominance (Figure 9).   

 In mixed-conifer forests, fire history directly affects species composition.  For 

instance, age structure patterns from the north side of Rincon Peak showed that reduced 

fire frequencies favor pine establishment, but extended fire intervals favor Douglas-fir 

(Appendix C).  That is, it appears that at some point during a long fire hiatus, ponderosa 

pine trees can no longer establish because of closed canopy conditions that favor shade 

tolerant species like Douglas-fir and white fir.  A similar pattern has also been observed 

in the Butterfly Peak landscape in the Santa Catalinas, where prior to 1900 the landscape 

was dominated by a mixture of conifer species (Figure 11).  However, once frequent fires 

ceased after 1910, fire intolerant species such as Douglas-fir and white fir became 

dominant while pine regeneration decreased.  Both examples imply that frequent fires in 

mixed-conifer forests favor ponderosa pine while a lack of fire favors fire intolerant 

species like Douglas-fir and white fir (Figure 9 and 11).  An additional concern is that 

although Douglas-fir and white fir are fire intolerant as saplings they become relatively 

fire tolerant once mature, hence many of these trees have survived the recent low severity 

wildfires.  In these cases, prescribed fire should be used to maintain open conditions and 
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retain the presence of ponderosa pine as a seed source.  If fires are excluded, dense 

forests conditions may develop, eventually increasing the threat of future crown fires.      

 

Summary  

 Within each forest community, it is important to understand the consequences of 

re-introducing fire.  However, management actions should be based on landscape level 

patterns.  That is, management goals to re-introduce fire should not be cover type 

specific.  Instead, the emphasis should be to develop fire re-introduction plans for large 

areas or fire compartments, some of which may include a number of cover types.  Such 

fire compartments should be identified and mapped based on the relationship between 

broad-scale topography and fire history spatial patterns (Appendix A).  Within each fire 

compartments fire restoration plans should be intended to mimic landscape fire history 

spatial and temporal patterns, although exceptions will occur where natural process are 

impractical such as the urban-wildland interface. 

 Within this management concept vegetation communities could be allowed to 

adjust to topographic and fire frequency patterns as they did historically.  Alternatively, 

managers could manipulate forest structure and successional patterns by adjusting the 

intervals between fires.  That is, manager could manipulate the timing and extent of 

prescribed fires to achieve regeneration or fuel reduction objectives.  This type of 

proactive management would likely minimize the need to suppress all fires and would 

likely be more cost effective than current strategies.      
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Figure 1. Semi-variance at 100 meter lag distances for the Rose Canyon (RC) and 
Butterfly Peak (BP) landscapes in the Santa Catalina Mountains in southeastern Arizona.  
Semi-variance is calculated as γ(h) = (1/2N) Σ(Xi –Xi+h), where the semi-variance (γ) 
statistic is a comparison between the elevation at point (Xi) to the elevation at another 
point at a lag distance of h (Xi+h).  Semi-variance typically increases with increasing 
distance before reaching a plateau called a sill.  The range, which is distance at which the 
sill is reached, represents the maximum distance at which values are correlated.  Here the 
longer range in RC indicates that elevation values are similar over longer distances 
compared to BP.  Similarly, lower elevation variability between points in RC compared 
to BP is an indication of more rugged topography in BP.   
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Figure 2.  Fire severity map for the Aspen (2003) and Bullock (2002) fires in the Santa 
Catalina Mountains in southeastern Arizona.  These fires burned within the Butterfly 
Peak and Rose Canyon landscapes.  The overall landscape burn mosaic includes areas of 
low, moderate and high fire severity.  This landscape mosaic could be used by managers 
to re-introduce fire to a low and moderately affected areas using severely burned areas as 
fire breaks given the low fuel loads in the latter.   
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Figure 3.  Fire severity mosaic in the Rose Canyon area after the Aspen fire (2003) in the 
Santa Catalina Mountains.  This part of the Rose Canyon landscape experienced all fire 
severity classes.  Low and unburned areas have little or no damage to canopy trees 
(center).  Moderate severity fire effects are exemplified by the area in the lower left 
where some, but not all trees were killed.  In high severity areas (lower right) all or most 
trees where killed, exposing soil to erosion.  Low fuel loads in areas severely burned 
could be used as fuel breaks to re-introduce fire in adjacent areas. 
 
   
 



 41

Dense pine-oak forests
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Figure 4.  Conceptual succession model for Madrean pine-oak forests after wildfire.  
Uppermost box represents the vegetation community prior to the recent wildfires.  The 
second (from top) set of boxes represents the different wildfire severities and the third set 
of boxes describes the resulting vegetation after the wildfire (i.e., current condition).  The 
bottom-most set of boxes describes the vegetative community within 30 years of the 
wildfire given each of the two management alternatives (i.e., fire re-introduction and fire 
exclusion).  The communities are described in terms of conditions and dominant 
vegetation.  Fire re-introduction assumes re-introducing low severity prescribed fires at 
frequent intervals.  Fire exclusion may eventually lead to dense pine-oak conditions in all 
cases.       
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Figure 5.  Regeneration differences after a stand-replacing fire in the Rincon Peak study 
area in southeastern Arizona.  This area experienced a stand-replacing fire in 1867, 
however south aspects (foreground), dominated by pine-oak vegetation prior to the fire, 
regenerated as oak-shrub fields.  In contrast, north aspects (background), dominated by 
pure pine forest prior to the fire, regenerated as pure ponderosa pine forests.  
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Figure 6.  Regeneration patterns after severe fires in the Rincon Peak study area in 
southeastern Arizona.  Snags in the foreground are the remnants of a forest stand 
probably killed by a crown fire in 1867.  After the fire the area became a shrub field 
dominated by pointleaf manzanita (Artostaphylos pungens) and oaks (Quercus).  
Scattered conifers in the background have established since 1893, which was the last 
widespread fire recorded on Rincon Peak.  
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Figure 7. Conceptual succession model for pure ponderosa pine (Pinus ponderosa) 
forests after wildfire.  Uppermost box represents the vegetation community prior to the 
recent wildfire.  The second (from top) set of boxes represents the different wildfire 
severities and the third set of boxes describes the resulting vegetation after the wildfire 
(i.e., current condition).  The bottom-most set of boxes describes the vegetative 
community within 30 years of the wildfire given each of the two management 
alternatives (i.e., fire re-introduction and fire exclusion).  The communities are described 
in terms of conditions and dominant vegetation.  Fire re-introduction assumes re-
introducing low severity prescribed fires at frequent intervals.  Fire exclusion may 
eventually lead to dense pure ponderosa pine conditions in all cases.       
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Figure 8.  Pure ponderosa pine (Pinus ponderosa) forests after a low severity fire 
(Buloock fire 2002) in the Santa Catalina Mountains in southeastern Arizona.  The recent 
wildfire elevated tree canopies by thinning small trees and pruning lower branches, thus 
reducing the threat of a crown fire in the near future.   
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Figure 9.  Conceptual succession model for mixed-conifer forests after wildfire.  
Uppermost box represents the vegetation community prior to the recent wildfire.  The 
second (from top) set of boxes represents the different wildfire severities and the third set 
of boxes describes the resulting vegetation after the wildfire (i.e., current condition).  The 
bottom-most set of boxes describes the vegetative community within 30 years of the 
wildfire given each of the two management alternatives (i.e., fire re-introduction and fire 
exclusion).  The communities are described in terms of conditions and dominant 
vegetation.  Fire re-introduction assumes re-introducing low severity prescribed fires at 
frequent intervals.  Fire exclusion may eventually lead to dense mixed-conifer forest 
conditions in all cases. 
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Figure 10.  Former mixed-conifer forests dominated by re-sprouting shrub species two 
years after a high severity fire (Bullock fire 2002) in the Santa Catalina Mountains in 
southeastern Arizona.  In this case, the shrub species include New Mexican Locust 
(Robinia neomexicana) and Gamble oak (Quercus gambelii) although Aspen (Populus 
tremuloides) may also be present in stand replacing fires.  In the absence of fires, these 
areas may eventually be regenerated by mixed conifer species. 
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Figure 11.  Tree establishment patterns between 1760 and 1970 in the Butterfly Peak 
landscape in the Santa Catalina Mountains.  Prior to 1900 the landscape was dominated 
by a mixture of ponderosa pine (Pinus ponderosa =PIPO), White pine (Pinus 
strobiformis = PIST), white fir (ABCO) and Douglas-fir (Pseudotsuga menziesii 
=PSME).  After the exclusion of frequent fires, (circa 1900) fire-intolerant species (i.e., 
ABCO and PSME) have began dominating.    
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Abstract 

In the southwestern U.S. little is known about fire history patterns at intra-

mountain range scales (i.e., landscape levels).  The goal of this study was to examine the 

relationships between topography and fire history within and between landscapes.  We 

reconstructed the fire history on a 2,900 hectare study area with two topographically 

distinct landscapes in the Santa Catalina Mountains in southeastern Arizona.  The 

Butterfly Peak (BP) and Rose Canyon (RC) landscapes were sampled using an aspect-

stratified random framework.  Multiple fire-scarred trees were sampled from 2 hectare 

“points” and used to develop a composite record of fire events, from which “point mean 

fire intervals” (PMFIs) were computed.  Within each landscape, PMFIs from 1748-1910 

were not significantly different between aspect classes (BP: p = 0.73 and RC: p = 0.57).  

Pooled PMFIs in RC were significantly shorter compared to BP (p < 0.001).  Landscape 

fires frequencies (i.e., fires that scarred ≥ 2 points) were similar between the two 

landscapes, but large fires (i.e., fires recorded by > 80% of points) accounted for 29% of 

the fire years in RC, and 18% in BP.  Differences in PMFIs between landscapes appear to 

be related to broad-scale topographic because RC is dominated by shallow south aspects 

and BP is dominated by steep north aspects.  These topographic differences influence 

wind intensities, fuel moistures, fuel/vegetation types, and historical fire spread patterns.  

These results show that the fire history on any given 2 hectares was controlled by the 

topography of the encompassing landscape rather than by the topographic characteristics 

of those 2 hectares.  This study demonstrates the need to consider landscape level 

processes when applying fire history for management purposes.  
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Introduction 

Prior to Euro-American settlement of the western United States, natural wildfires 

burned periodically in forested areas (Agee 1993, Swetnam 1993).  Understanding the 

spatial and temporal patterns of these historical fires is important for ecological, cultural, 

and managerial reasons.  Fire is a disturbance process that directly and indirectly 

influences ecological composition, structure, and function.  For example, exclusion of 

historic surface fires in southwestern ponderosa pine (Pinus ponderosa Engelm.) forests 

has had widespread ecological effects including the invasion of non-fire adapted species, 

increased tree densities, increased crown-fire occurrence, and a general decrease in forest 

health (Cooper 1960, Covington and Moore 1994, Covington et. al. 1997, Allen et al.  

2002).  Temporal fire history patterns in the southwestern U.S. have been well studied, 

however spatial patterns has received less attention, especially at landscape or mountain 

range scales (Heyerdahl et al. 2001, Taylor and Skinner 2003).  Improved understanding 

of landscape fire history patterns is needed in ecosystem management to provide a frame 

of reference to evaluate ecosystem changes, identify restoration goals, and to prioritize 

management actions (Kaufmann et al 1995, Swetnam et al. 1999, Schmidt et al. 2002).     

Forest fires in Southwest forests were historically ignited by lightning and 

humans.  Indigenous people used fire as a tool for hunting, warfare and to clear travel 

routes (Kaib 1998, Allen 2002).  Large numbers of Euro-Americans began settling in 

southern Arizona after 1860.  The new culture perceived forest fires as destructive to 

natural resources, but could do little to prevent or control such events (Bahre 1985).  The 

creation of the USDA Forest Service and USDI National Park Services, as well as the 
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great fires of 1910, marked the beginning of the fire suppression era (Pyne 1982, Pyne et 

al. 1996).   

Beginning in the 1970s, the consequences of fire suppression produced a new 

management paradigm.  Increasingly large and more severe fires (Swetnam and 

Betancourt 1998, Allen et al. 2002) gave rise to a new era of proactive restoration 

(thinning) and fuel reduction treatments (Covington et al. 1997).  The new concept also 

increased the use of prescribed fires in wilderness and national parks (Kilgore 1976).  

Land managers, lawmakers, and the general public are increasingly recognizing fire as a 

necessary part of forested ecosystems.  However, many questions about historic fire 

regimes remain unanswered, particularly regarding temporal and spatial variability at 

landscapes levels (Taylor and Skinner 2003).  In this paper we address how fire history 

measures vary spatially at both fine (0.2-1.0 km2) and broad (> 1.0 km2) spatial scales. 

 

Climate driven (regional) fire regime variability  

In Southwest forests, the temporal variability of historical fire regimes was 

controlled largely by inter-annual to multi-decadal climate patterns (Swetnam and 

Betancourt 1998, Grissino-Mayer and Swetnam 2000).  Although in some locations and 

time periods, humans were also important in controlling fire regimes (Kaib 1998, Kaye 

and Swetnam 1999).  Drought years, often corresponding with La Niña events, were 

associated with increased fire occurrences at regional scales (Swetnam and Betancourt 

1990).  Regional fire years also tended to be preceded by wet years (El Niño events) that 

increased fine fuel production and facilitated fire spread during subsequent drought years 
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(La Niña events) (Baisan and Swetnam 1990, Crimmins and Comrie 2004). Reduced 

periods of fire frequencies occurred during some decades (e.g., early 1800s) and in some 

areas (e.g., Brown and Wu 2005, Appendix B), possibly due to a reduced amplitude of El 

Niño and La Niña events (Swetnam and Betancourt 1998, Kitzberger et al. 2001). 

 

Topographic influences on fire spread and fire history at multiple scales 

At mountain range to watershed scales (i.e., landscapes), fire spread is determined 

primarily by three factors: weather, fuels and topography (Agee 1993).  Of these three, 

topography is the most stable temporally, and can thus be controlled more directly in 

assessing fire regime differences.  Topographic slope is important because fires tend to 

spread more readily up slope than down slope.  This is due largely to convective and 

radiant processes that allow flames to pre-heat upslope fuels (Rothermel 1983).  Aspect is 

important because it influences the water/energy balance of soils and fuels.  For example, 

fuels on north-facing aspects (in the northern hemisphere) tend to have higher fuel 

moisture and are thus less flammable than fuels on southerly aspects.   

Topography has a strong influence on fire spread, however, only recently have 

researchers begun to investigate the relationship between topography and fire history 

(e.g., Caprio and Swetnam 1995, Taylor and Skinner 1998, Beaty and Taylor 2001).  In 

eastern Oregon and Washington, Heyerdahl et al. (2001) found that, surface-fire 

frequencies varied with fine-scale aspect and elevation differences, especially in 

landscapes with rugged topography.  Differences in fire intervals associated with fine-

scale aspect differences were also observed in California and southern Oregon (Taylor 
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and Skinner 1998, Taylor 2000, Caprio and Grabber 2000, Taylor and Skinner 2003).  

Using fire atlas records from the Gila Wilderness in southwestern New Mexico, Rollins 

et al. (2002) found that northwest aspects burned more frequently than southwest aspects, 

possibly associated with productivity differences.  Fire history differences related to 

elevation were studied by Caprio and Swetnam (1995), in the Sierra Nevada, California.  

They concluded that fires were more frequent at lower than higher elevations and 

attributed these differences to drier conditions and quicker recovery of fine (grasses) fuels 

at lower elevations.   

 

Broad-scale topographic influences on fire history 

Topography can also influence fire spread and fire history patterns at broad-scales 

(Agee 1993, Turner et al. 2001).  For example, certain topographic conditions can create 

less flammable sites that fragment flammable fuels and restrict fire spread (Turner and 

Romme 1994).  In crown fire regimes, fire spread is affected by weather, fuel 

accumulations and moisture (Romme 1980, 1982).  Therefore topographically protected 

areas such as valleys often experience fires less frequently than uplands which are 

typically more xeric (Romme and Knight 1981).  In surface fire regimes, Taylor and 

Skinner (2003) reported that compartments (i.e., areas with similar fire history) were 

associated with physical topographic boundaries such as riparian areas.  Similarly, Beaty 

and Taylor (2001) in the southern Cascades found that mean fire intervals differed 

between areas with broad-scale aspect differences. 
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The relationship between topography and fire history still needs further 

investigation, especially in the southwestern U.S., where elevation, aspect, and slope 

change over short distances.  These fine-scale topography differences often cause distinct 

vegetation differences.  Therefore, it is important to understand whether fire history 

spatial patterns are also controlled by fine-scale topography or if they respond to broad-

scale topographic characteristics.  To understand what controls any ecological system, 

data must be gathered at a scale that matches the spatial scale of the process influencing 

the ecological system (Ricklefs 1987, Lam 2004).  Hence, understanding fire history 

patterns requires comparing fire frequency measures at multiple spatial scales and 

analyzing inter and intra-site variability (Meentemeyer 1989, Lertzman and Fall 1998, 

Heyerdahl et al. 2001). 

 

Objectives 

The goal of this study was to examine the relationships between topography and 

fire history at multiple scales using within and between landscape comparisons.  To 

determine the influence of fine-scale aspect differences on fire history measures we 

compared point mean fire intervals (PMFIs) between different aspect classes within two 

separate landscapes.  To determine the influence of broad-scale topography on fire 

history, we compared point and area-based fire history measures between landscapes with 

distinct topographies.  Specifically, fire history measures were compared between a steep, 

north-facing landscape (Butterfly Peak) and a shallow, south-facing landscape (Rose 

Canyon).  If topography was important at fine-scales, we would expect PMFI to differ 
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between aspect classes within each landscape.  If broad-scale topography controlled fire 

history patterns we would expect differences between landscapes.   

 

Methods 

We selected a 2,900 hectare study area within the Santa Catalina Mountains in the 

Coronado National Forest (Figure 1).  This mountain range is within the Madrean 

Archipelago in southeastern Arizona.  These coniferous “islands” separated by low-

elevation deserts “seas” are a northern extension of the Sierra Madre Occidental of 

northwestern Mexico (Warshall 1995).  The Madrean archipelago is located at the 

junction of four major biomes: the Sonoran and Chihuahuan deserts, and the Sierra 

Madre and Rocky Mountains (McLaughlin 1995).  The region has a bimodal 

precipitation pattern.  In winter, high elevations (> 1,500 m) typically receive snow that 

falls as rain at lower elevations.  In summer, tropical moisture creates monsoonal weather 

that results in localized thunderstorms.  Annual precipitation varies from approximately 

400 mm at 1,500 m to 780 mm at 2,500 m (Shreve 1919, Sellers et al. 1985,). 

The vertical relief and unique geographic position of the Santa Catalina 

Mountains combine to create a diverse mosaic of vegetation assemblages stratified along 

elevation/moisture gradients (Lowe 1961, Whittaker and Niering 1965, 1968a, 1968b, 

Niering and Lowe 1984).  Plant communities at higher elevations are closely related to 

the Cordilleran/Rocky Mountain floristic province (McLaughlin 1995).  Mesic 

communities are dominated by mixed conifer species, including: ponderosa pine (Pinus 

ponderosa var. scopulorum Engelm. var. arizonica), Douglas-fir (Pseudotsuga menziesii 
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var. glauca (Beissn.) Franco), white fir (Abies concolor [Gord. & Glend.] Hildebr.), 

southwestern white pine (Pinus strobiformis Engelm.), Gambel oak (Quercus gambelii), 

quaking aspen (Populus tremuloides), and Rocky Mountain maple (Acer glabra) among 

others.  More xeric communities are dominated mainly by ponderosa pine, Chihuahua 

pine (Pinus leiophylla Schiede & Deppe), pinyon pine (Pinus discolor Bailey and 

Hawksw), and juniper (Juniperus spp.).  The most xeric forest communities have a strong 

component of Madrean evergreen oaks that include silverleaf oak (Quercus 

hypoleucoides A. Camus), Arizona white oak (Q. arizonica Sarg.), and Emory oak (Q. 

emoryi Torr.) among others. 

 

Santa Catalina land use history 

 Documented land-use history of the Santa Catalina Mountains extends back to 

indigenous people, mainly desert dwellers who visited the mountain to hunt and gather 

seasonal plants (Hensel 2005).  In the 1800s, the Apaches used this mountain range 

mainly for cover as part of their raiding and warfare tactics that involved constant 

movement.  Once the Apaches were removed in the late 1800’s, Euro-Americans began 

mining and livestock operations (Bahre 1985, Hensel 2005).  Timber was harvested as 

early as 1873, but it was limited to supplying local construction, hence the land area 

affected by timber harvesting was relatively small (Hensel 2005).  The Santa Catalinas 

became part of the Forest Reserves in 1902, and part of the National Forest system in 

1908 (Hensel 2005).   



 58

Euro-America fire suppression efforts began in 1900 (Holsinger, unpublished 

report, Swetnam and Baisan 2003).  These efforts had limited success due to the lack of 

roads and equipment (Holsinger, unpublished reports).  It is likely that some combination 

of livestock grazing, roads and better organization (after 1910) contributed to effective 

fire exclusion through most of the 20th century (Swetnam and Baisan 2003).  Current 

land-uses in the Santa Catalina Mountains are restricted to summer homes and 

recreational visitors.  In 2002 and 2003, two large fire events, the Bullock Fire (12,370 

ha) and the Aspen Fire (34,400 ha) burned most of the pine-oak, pine and mixed conifer 

forests at various severities.  Over 300 homes and businesses were destroyed in the 

village of Sumerhaven at the top of the mountain.  

 

Study area boundaries and sampling stratification  

To compare landscape fire history patters we selected a study area that 

encompassed two distinct topographic landscapes that were separated by a major ridge.  

The landscape north of the main ridge named Butterfly Peak (BP) appeared to have 

mesic, steep, north-facing slopes and a more dissected topography (Figure 1).  The 

landscape south of the ridge, Rose Canyon (RC), appeared to have xeric, shallow, south-

facing slopes and gentler topography.  The total size of RC was 1,800 hectares and the 

BP landscape covered 1,100 hectares.  We delineated the boundaries of each landscape 

using broad topographic features.  In both landscapes, the lower elevation boundary 

followed the approximate lower border of pine-dominant forests.  Lateral boundaries 

follow major ridgelines that separated broad areas with distinct topographic 
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characteristics.  We mapped boundaries using a combination of digital elevation maps 

(DEM), 1:24,000 topographic maps, digital orthophoto quarter quadrants and field 

reconnaissance.  We quantitatively compared broad-scale topographic differences 

between the two landscapes using elevation, slope and aspect distributions taken from 30-

meter DEMs.  To characterize broad-scale topographic patterns within each landscape, 

we binned elevation frequencies using 100-meters bins, while aspect and slope 

frequencies were binned into 30º and 5º classes, respectively.   

 

Fire History Methods 

We selected point sampling locations using an aspect-stratified random sampling 

framework.  Each fire history plot required such time and effort that it was possible to 

collect only ~50 plots.  Using 30-meter DEMs, we stratified each landscape into three 

aspect classes: North (300˚-360˚and 0˚-60˚), South-south-east (60˚-180˚) and South-

south-west (180˚-300˚).  The three aspect classes ensured ample sample points from each 

aspect class.  To guarantee complete spatial coverage, we separated each landscape into 

eight sampling units of roughly equal size using prominent ridgelines.  We then randomly 

selected three points (one per aspect class) within each sampling unit for a total of 24 

plots per landscape (48 plots total).  In the field, each sampling point was located to 

within 10-meters and served as plot center.  At each point, we characterized the 

vegetation by measuring and identifying all trees ≥ 10 cm diameter at breast height within 

a 0.1 hectare circular plot.   
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We collected fire history samples within 2 hectare areas around each point.  The 

objective of the fire-scar sampling was to obtain as complete and long an inventory of 

fire events as possible (Swetnam and Baisan 1996).  Because no single tree was a perfect 

recorder of past fires (Dieterich and Swetnam 1984), a complete fire history record 

required sampling multiple trees over an extended area.  However, fire frequency 

measures are area sensitive (Falk and Swetnam 2003), therefore to compare fire history 

patterns we first established a minimum mapping unit (MMU) of 2 hectare.  Within the 

MMU area we assumed a uniform fire history (i.e., a fire recorded by any tree affected 

the entire 2 hectare area).  Although fire history plots covered 2 hectares, each plot was 

considered a “point” at the study area scale.   

Within each 2 hectare plot we located all fire-scarred trees (including live trees, 

downed logs and snags).  We collected the best-preserved fire-scarred samples with the 

maximum number of visible scars.  A minimum of 4 and a maximum of 9 fire-scarred 

trees were sampled per plot.  We collected fire-scar samples using chainsaws, cutting full 

or partial cross-sections from the lower bole (Arno and Sneck 1977).   

Fire-scarred samples were cataloged, prepared and dated in the laboratory.  We 

dried each fire-scarred sample for at least 3 weeks, and then sanded the cross-section 

surface with belt sanders to a high polish using progressively finer sand papers (up to 

400-grit).  We crossdated fire-scarred samples using dendrochronological techniques 

(Stokes and Smiley 1968) and determine the calendar year of each fire-scar.   
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Fire History Comparisons 

 The fire-scar chronology for each point represents an event composite constructed 

from multiple trees within that point (i.e., 2 hectare plot) (Dieterich 1980, Dieterich and 

Swetnam 1984).  Therefore, a point was “recording” when at least one sampled tree 

within that point was living and had been scarred previously, making it more susceptible 

to scarring by subsequent fires (i.e., a ‘fire-scar susceptible tree”, sensu Romme 1980).  If 

an individual tree healed over a fire scar(s), it stopped “recording” when the wound was 

completely covered by annual ring growth.  Sample portions were also considered not 

recording or “null” if decay or burning by subsequent fires made it impossible to date the 

fire-scar year.  We visually analyzed the sample depth to identify a period of analysis that 

provided an adequate representation of the temporal and spatial patterns.  The “sample 

depth” is a time series of the number of points “recording” each year.   

To ensure representative samples, we graphically compared the relative frequency 

of sampled plots and land area.  We compared sampled and actual land distributions 

using three aspect classes: North (N = 300˚-360˚and 0˚-60˚), South-south-east (SSE = 

60˚-180˚) and South-south-west (SSW = 180˚-300˚).  We estimated land area frequency 

per aspect class using 30 meter DEMs.    

 Within each landscape, we analyzed fire history differences at fine-scale by 

comparing PMFIs between aspect classes.  Within each point, we identified a fire year 

when one or more trees recorded a fire.  Based on point composites, we calculated PMFIs 

in addition to the median, range, standard deviation, and number of intervals.  Within 

each landscape, we statistically compared PMFI distributions between the three aspect 
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classes (N, SSE and SSW) using the non-parametric distribution-free Kruskal-Wallis test.  

We considered differences significant when probability levels (p-values) for the 

individual tests were less than 0.05.   

 We compared broad-scale differences between landscapes using point and area-

based estimates of fire frequency (Agee 1993).  Point-based comparisons were done by 

pooling all points within each landscape.  We compared pooled PMFI distributions 

between the two landscapes using the distribution-free non-parametric Wilcoxon test (Ott 

1993).  To compare landscape fire frequencies we identified a landscape fire year when 

two or more points recorded a fire in the same year.  We determined area-based 

landscape fire frequencies by counting the number of landscape fire years during 20-year 

moving windows.   

 We used the SSIZ program (Holmes 1995, Swetnam and Baisan 2003) to adjust 

for greater sample depth in RC compared to BP.  For every fifth year, we used SSIZ to 

calculate the mean landscape fire frequency (and confidence limits) in RC.  The mean 

landscape fire frequency was a function of sample size for a randomly selected subset of 

RC points where the selected subset corresponded to the number of recording points in 

BP.  We analyzed temporal and spatial differences visually between and within 

landscapes.  We visually examined landscape fire frequency patterns to determine 

temporal differences between and within landscapes.   

 We also used relative fire extent to compare spatial fire history patterns between 

landscapes.  We evaluated two time series of relative fire extent prior to comparing the 

two landscapes.  The first time series, percent of points scarred per year, provided an 
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estimate of relative area burned based on the proportion of points scarred during each 

landscape fire year (i.e., year when ≥2 points recorded fire). This fire extent measure was 

similar to the area burned index used by Taylor and Skinner (2003) in their landscape/fire 

analyses.  The second time series was a polygon-based estimate, where relative fire 

extent for each landscape fire year was estimated by summing the area within polygons 

that encompassed sampled points that recorded individual fires (Heyerdahl et al. 2001).  

The two methods produced similar results (Figure 2; r-squared = 0.97 and p < 0.001), but 

percent of scarred points we used for the analysis because it was a more simple and 

straightforward measure.  Within each landscape we categorized every landscape fire 

year into one of five fire extent bins (< 20%, 20-40, 40-60, 60-80, and < 80%).  We then 

compared fire extent distributions between landscapes using the non-parametric, Mann-

Whitney U test. 

 

Results 

Abiotic landscape comparison 

Broad-scale topographic comparisons between BP and RC indicated both 

landscapes had similar elevations but differed in slope and aspect distributions (Figure 3).  

The elevation range in BP was 100 meters lower than RC (1,840-2,570 m in BP and 

1,960-2,570 m in RC), however most (75%) of the land area in both landscapes occurred 

between 2,000 and 2,400 m (Figure 3a).  Unlike elevation, aspect and slope distributions 

differed between landscapes (Figure 3b and 3c).  The RC landscape was dominated 

(70%) by gradual slopes (< 20˚), while BP was dominated (66%) by steep slopes (> 25˚) 
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(Figure 1 and 3b).  In addition, 68% of BP was dominated by north to northeast facing 

aspects whereas most (52%) of the land area in RC faced south-south-east (Figure 3c).   

 

Period of analysis 

We began field sampling in the summer of 2002, however the Bullock Fire in 

2002 and Aspen Fire in 2003 burned in BP and RC respectively, affecting the quality and 

quantity of fire-scarred material available for sampling.  In some stands these wildfires 

burned at high intensity, consuming most logs and snags that often contained the oldest 

fire-scar records.  Even in places where the fire was moderate to low severity, the fire 

often burned the interior of living fire-scar tree boles.  Fire-scar samples were salvageable 

in 20 of the 24 points in BP and 21 of 24 points in RC.  The distribution of salvaged 

sampled points across aspect classes was similar to the land area distribution in both RC 

and BP (Figure 4), indicating that the fire-scar sampling was a fair representation of the 

aspect distribution in each landscapes.  

Between the earliest fire scar in AD 1618 and the most recent in 2003, there were 

115 fire years that were recorded by sampled trees in at least one point.  Given the 

declining sample depth back in time (Figure 5), the analysis was restricted to the time 

period between AD 1748 and 1910.  The year 1748 marked the earliest year when at least 

30% of the points were recording in both landscapes, and 1910 marked the last 

widespread fire before effective fire suppression.  The time period of analysis was 

selected based on a compromise between the need to have adequate sample depth and our 

desire to focus on a fire regime unaltered by fire suppression. 
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Fire history results 

Within-landscape comparisons showed that PMFIs did not vary between aspect 

classes.  Fine-scale PMFI comparisons within BP revealed that PMFIs tended to be 

shorter in south-south-west (SSW) compared to northern aspects, however, this 

difference was not significant (Table 1, p = 0.73).  Similarly, fine-scale comparisons 

within RC revealed that north and SSW aspects had slightly shorter PMFIs compared to 

south-south-east (SSE) facing points, however this difference was not significant (Table 

1, p = 0.57).  Broad-scale comparisons between BP and RC, however, revealed that 

pooled PMFIs were significantly different (p < 0.001).  PMFI were shorter, less variable 

and more skewed in RC compared to BP (Table 1, Figure 6).   

 In contrast to point-based landscape comparisons, area-based fire frequency 

comparisons (i.e., 20-year moving periods) showed similar temporal patterns in the two 

landscapes (Figure 7).  Between 1748 and 1910 there were 37 landscape fire years (i.e., 

years when ≥2 points recorded a fire) within the entire study area.  The RC landscape 

recorded 35 of these events and BP recorded 28, leading to an average of one landscape 

fire every 4.6 and 5.8 years in RC and BP, respectively.  However, landscape fire 

frequency was not constant through time.  For example, between 1748 and 1810, BP and 

RC both experienced 3 to 6 landscape fire years per 20-year period (Figure 7).  After 

1810 the similarity in fire frequencies between landscapes continued, but the number of 

fires declined to 2 landscape fires years per 20-years in the mid 1800’s.  After 1870, the 

landscape fire frequency differed between landscapes.  Rose Canyon consistently had 1-2 
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more landscape fire years per 20-year period than BP, while the fire frequency in both 

landscapes generally increased (Figure 7).     

 Relative fire extent was the other broad-scale, area-based fire history measure 

used to compare fire history patterns between landscapes.  In general, fire extents were 

well distributed among all size bins in BP.  The majority (54%) of fires in BP were 

relatively small and typically scarred < 40% of the points (Figure 8).  In RC, fires were 

either small or large with few moderate size fires.  For example, 59% of the fires in RC 

were concentrated in the smallest and largest size-class.  Moreover, 29% of the fires in 

RC scarred > 80% of the recording points, compared to 18% of the fires in BP.  This 

pattern suggests that fires in RC tended to be larger than in BP.  In spite of these apparent 

differences, the overall fire extent distributions from BP and RC were not statistically 

distinguishable (Kolomogorv–Smirnov test p = 0.318). 

 

Discussion 

Broad scale point versus area-based fire frequency 

One would expect that broad-scale landscape differences found using point-based 

fire intervals would be manifested in area-based fire history measures. That is, if two 

landscapes have similar fire frequencies and fire extent distributions, then PMFI should 

also be similar.  Instead, pooled PMFI in RC were significantly shorter compared to BP 

(Table 1).  The MFI for landscape fire years (i.e., years when ≥2 points recorded a fire) in 

RC was 4.8 years (Figure 9) yet PMFIs typically ranged between 7 and 10 years (Figure 

6).  In BP, the MFI for landscape fire years was 6.0 years, yet PMFIs were between 11 
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and 16 years.  The discrepancy between broad-scale point and area-based fire frequencies 

arises because most fires burn only part of the entire landscape (Falk and Swetnam 2003).  

That is, although the fire extent distribution test showed no statistical differences between 

the two landscapes, RC experienced larger fires more frequently than BP (Figure 9).  A 

higher frequency of large fires in RC compared to BP resulted in greater area burned and 

shorter fire intervals at individual point locations.  

The difference in area burned over time was also exemplified in the “natural fire 

rotation” which is the average number of years required to burn over an area equal to the 

total area under consideration (i.e., study area) (Heinselman 1973, Agee 1993).  Based on 

the percent of points scarred each landscape fire year, RC and BP had 18 and 13 “fire 

rotations” respectively, in the 162-year period of analysis.  This equates to a natural fire 

rotation of 9 and 12 years for RC and BP, respectively.  Hence, a significant difference in 

PMFIs between landscapes was caused primarily by a higher frequency of large fires in 

RC compared to BP.   

 

Fine- versus broad-scale differences 

 Our results indicate that PMFIs were similar among aspect classes within 

individual landscapes (Table 1).  In the Santa Catalina Mountains, topographic 

differences affect fuel types, fuel moisture and other factors that influence fire spread.  In 

these mountains, topography changes at relatively short distances, affecting the water and 

energy balance and thus species composition and structure (Whittaker and Niering 1965, 

Stephenson 1990).  However these fine-scale topographic differences (e.g., aspect 
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differences at scales of 10s to 100s of ha) do not appear to have a dominant influence on 

fire interval at individual points.  Instead, pooled PMFIs from the two landscapes did 

show significant differences.  In general, RC which was dominated by south-facing, 

shallow-slopes was associated with shorter PMFIs compared to BP which was dominated 

by north-facing, steep-slope.  This suggests that fire intervals at individual points are 

primarily controlled by broad-scale landscape topographic characteristics.   

 

Abiotic differences 

The shorter PMFIs in RC compared to BP probably result from a number of 

factors related to landscape topography differences that affect fire spread patterns over 

time and space.  Longer PMFIs in BP can, at least in part, be attributed to solar irradiance 

differences between the dominant gentle south-facing slopes on RC and the dominant 

steep north-facing aspects on BP (Frank and Lee 1996).  In the northern hemisphere, 

north aspects receive less direct sunlight and therefore tend to be more mesic than south-

facing slopes.  Solar irradiance and moisture differences between aspects also depend on 

slope steepness.  For example, aspect has a minimal affect on solar irradiance in gently 

sloping terrain (0-10º).  However when slopes are steeper than 10º the difference in solar 

irradiance can be substantial even between similar facing aspects (Frank and Lee 1996).  

Heyerdahl et al. (2001) found that in areas with gentle terrain, aspect made little 

difference in terms of fire history patterns compared to areas with steeper slopes, where 

fire frequency measures changed according to aspect.  This indicates that although slope 
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influences fire spread through radiant and convective fuel preheating (Rothermel 1983, 

Agee 1993), perhaps a more important role of slope is to intensify aspect differences.   

Solar irradiance variability, caused by aspect and slope differences, determine fuel 

moisture patterns and fire spread.  Although fine-scale topographic differences can lead 

to drastic moisture variability, these results indicate that broad-scale topography is 

actually more important in terms of landscape level fire history patterns.  That is, the fire 

history on any given 2 hectares (point) is better explained by the characteristics of the 

surrounding landscape topography than by the topography on those 2 hectares.  This is 

logical because mesic north-facing fuels could be less-conducive to fire spread than 

south-facing fuels.  However, a patch of mesic fuels located within a landscape 

dominated by dry south-aspects will have minimal influence on landscape fire spread 

patterns (Finney et al. 2005).  On the other hand, if the same patch of mesic fuels were 

within a landscape dominated by similar mesic fuels then these would likely act as one 

unit and have a greater influence on landscape fire spread patterns (Turner et al. 1989, 

Agee and Skinner 2005).  Therefore, longer PMFI in BP compared to RC are likely 

related to the dominance of mesic north-aspects in BP that are less conducive to fire 

spread.  Alternatively, the dominant south-facing aspects in RC are more conducive to 

fire spread resulting in larger fires and shorter PMFI.  These results indicate that although 

aspect and slope influence solar irradiance and fuel moisture at fine-scales, landscape fire 

history patterns are largely determined by broad-scale topography.   

Steep slopes are also associated with permanent and temporary fire barriers.  For 

example, in BP, areas with very steep slopes (> 35 degrees) are often rock outcrops or 
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talus slopes that run north-south along drainages and ridges (Figure 1).  The general 

orientation of these steep slopes could channel fires up and down but impede lateral fire 

spread.  This corresponds with several fire years when the spatial pattern of fire-scarred 

points suggests fire(s) percolated through RC, yet had limited fire spread on BP (Figure 

9).  Although fire spread was not always impeded by steep slopes, these landscape 

characteristics could have led to substantial changes in the fire frequency at some 

locations (Finney 2005).  

Predominant wind patterns are yet another factor that could have contributed to 

the difference in PMFIs observed between landscapes.  In the peak burning months of 

May-July, Arizona experiences predominant southwestern winds.  The BP landscape is 

sheltered from the prevailing southwest winds by the main ridge that traverses the two 

landscapes.  In BP, southwestern winds that traverse over the ridge would tend to 

promote downslope fire spread, which is typically slower and less effective than upslope 

fire spread.  In contrast, the dominant south-facing aspects on RC are perpendicular to the 

predominant wind pattern which would promote upslope fire spread.  This interpretation 

would be consistent with more extensive fires in RC as compared to BP. 

 

Topography, fire history and vegetation relationship  

 Fire history differences between landscapes have important ecological 

implications because the vegetation mosaic is a result of topographic/moisture differences 

and disturbance history (Whittaker and Niering 1965, Turner 1989, Stephenson 1990).  

For example, ponderosa pine is an early successional, fire resistant species that favors 
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xeric conditions and frequent surface fires that kill young trees (Weaver 1951, Cooper 

1960, White 1985, Covington and Moore 1994).  Therefore, south-facing xeric conditions 

and more frequent fires could explain why ponderosa pine dominates the RC landscape 

(Table 2) (Rollins et al. 2002).  On the other hand, mixed conifer communities composed 

of Douglas-fir, white fir and ponderosa pine tend to occur in more mesic sites with longer 

fire intervals (Whittaker and Niering 1965, Taylor and Skinner 2003), such as BP (Table 

2).  It is possible that shorter fire intervals in RC excluded Douglas-fir and white fir, 

while longer fire intervals in BP allowed these species to develop fire resistant 

characteristics.  This also explains the apparent increase in Douglas-fir and white fir 

densities in BP in the last century (see “present study”).   

 Fire history differences are also important because wildfires are an ecological 

disturbance that both creates and responds to landscape patterns (Turner et al. 2001).  

That is, the fire history observed in a landscape is a result of both topographic/moisture 

differences and the vegetation mosaic (Agee 1978, Rollins et al. 2002).  Historically, in 

ponderosa pine dominated communities, fires spread through grasses and long needle fuel 

beds (Swetnam and Baisan 2003).  These fuel types dry and burn quick because their 

structure is less compacted than forbs and short needle fuel beds found in mixed-conifer 

communities (van Wagtendonk et al. 1998, Stephens et al. 2004).  Therefore, shorter 

PMFI in RC compared to BP could be partly related to more xeric conditions and a 

ponderosa pine fuel bed.  Similarly, longer PMFIs in BP could be partly related to more 

mesic conditions and denser fuel beds that are less conducive to fire spread.  This 

indicates there are strong interactions between the vegetation mosaic and landscape fire 
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spread patterns, where broad-scale topographic/moisture differences appear to act as the 

primary catalyst.   

 

Management implications 

 If management objectives are to reduce the threat of stand-replacing fires and 

restore surface fire regimes in southwestern pine forests, it would be ideal for managers 

to follow local fire history patterns.  However, reconstructing these patterns for all forests 

is not feasible.  On the other hand using a one-size-fits-all fire regime model across all 

southwestern pine forests is also undesirable.  The research presented here indicate there 

is a strong relationship between point mean fire intervals (PMFIs) and broad-scale 

topography that could be used to extrapolate fire history patterns across large areas.  That 

is, in the future it may be possible to classify and map fire-compartments or fire history 

“neighborhoods” using broad-scale topography (Taylor and Skinner 2003, Hann et al. 

2003).   

 Fire compartments based on broad-scale topographic patterns would be a strategy 

to extrapolate fire history patterns, mitigate fire risks and restore fire at landscape levels 

(Sisk et al. 2005).  Based on this concept, large areas (approximately 2-20 km2) with 

similar broad-scale topographic characteristics would first be identified.  Then based on 

topographic characteristics the appropriate historical fire regimes could be identified and 

emulated using prescribed fires and/or mechanical thinning.  Under this concept, 

management plans would be developed and applied over entire landscapes (i.e., 

thousands of hectares) rather than managing individual stands according to vegetation 
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types.  This concept would be consistent with current scientific understanding of fire and 

spatial processes involved in restoration (Sisk et al. 2005).  The concept of fire 

compartments would also be in line with national interagency programs such as Risk 

Assessment and Mitigation Strategies (RAMS) that already use the fire compartment 

concept to assess fuel hazards, ignitions risks, fire return intervals, values and protections 

capabilities (https://www.nifc.blm.gov/nsdu/fire_planning).   

 Using topography to identify areas with similar fire regimes would also make 

mapping these fire compartments possible given the availability of Digital Elevation 

Models (DEM) and topographic maps.  However, extrapolating fire regimes would 

require new fire history studies and meta-analysis of existing fire history studies to better 

characterize the topographic and landscape controls of past fire regimes.  This would 

include standardizing for collection area, sample sizes, and measuring broad-scale 

topographic variables around fire history collection sites.       

  

Conclusions 

Given the similarity among PMFIs from different aspect classes, it appears that 

fine-scale topographic differences (e.g., aspect differences at scales of 1 to 10s of ha) 

marginally influence the fire intervals at individual points, compared to other points 

within the same landscape.  Instead PMFI variability appear to differ at broad scales (i.e., 

> 1000s ha).  Based on these results we can conclude that fire intervals at a point depend 

mostly on the topography of the surrounding area or landscape topography.  Furthermore, 

these results suggest that surface fire regimes in the Santa Catalinas operate at broad 
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spatial scales (Ricklefs 1987, Lertzman and Fall 1998, Rollins et al. 2002).  Therefore 

management actions that intend to mimic historic fires should be implemented at broad 

scales and take into account fire history differences between landscapes. 
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Tables 

 

 
Table 1.  Fine- and broad-scale scale (i.e., within and between landscape) point-based 
fire history comparisons in the Santa Catalina Mountains in southeastern Arizona.  At 
fine-scales, point mean fire intervals (PMFIs) were compared (1748-1910) among 
aspect classes within the Rose Canyon and Butterfly Peak landscapes.  Broad-scale 
comparisons between the two landscapes were based on pooled PMFIs from each 
landscape.  Point fire intervals were based on a composite fire chronology from 
multiple fire-scarred trees (i.e., 4-9 trees) collected within 2 hectare plots. 

  Point fire interval statistics 
Butterfly Peak # of points Mean Median Min. Max. St. Dev. Skewness 

North 9 14.8a 13.3 11 29 5.6 2.3 
SSE 7 13.9a 14.8 12 16 1.5 0.2 
SSW 4 12.7a 12.1 9 18 3.8 0.8 
ALL 20 14.11 13.4 9 29 4.1 2.4 

        
Rose Canyon        

North 6 9.0a 9.0 7 10 1.4 -0.4 
SSE 8 9.8a 9.8 8 12 1.5 0.2 
SSW 7 9.5a 9.5 6 11 1.8 -1.6 
ALL 21 9.52 9.5 6 12 1.5 -0.6 

        
North (300˚-360˚and 0˚-60˚), SSW=South-south-west (60˚-180˚) and SSE=South-
south-east (180˚-300˚).  Superscripts with similar letter within each landscape represent 
no significant different between aspect classes (no fine-scale differences) based on 
PMFI distribution (Kruskal-Wallis Test p = 0.57 and 0.73 in RC and BP respectively).  
Aspect (fine-scale) PMFI differences were only tested within each landscape 
separately.  Superscripts with different numbers represent significantly different pooled 
PMFI distributions between landscape (i.e., Rose Canyon and Butterfly Peak) 
(Wilcoxon test p < 0.001) 
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Table 2.  Average percent basal area (%BA) and percent trees per hectare 
(%TPH) from vegetation plots within the fire history points in the Butterfly 
Peak (n=24) and Rose Canyon landscapes (n=21) in the Santa Catalina 
Mountains in southeastern Arizona.    
 Butterfly Peak Rose Canyon 
 %BA %TPH %BA %TPH 
Pinus ponderosa 22.5 16.0 80.3 73.2 
Pseudotsuga menziesii 36.7 33.0 7.8 7.3 
Abies concolor 14.2 11.5 0.0 0.0 
Pinus strobiformis 4.7 5.0 6.6 11.7 
Quercus gambelii 8.1 15.5 0.0 0.0 
Quercus arizonica 5.2 7.9 0.1 0.1 
Quercus hypoleucoides 4.0 6.1 5.1 7.2 
Juniper species 2.3 1.1 0.1 0.3 
Other 2.2 3.7 0.1 0.2 
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Figures 
 

 
Figure 1. Map of the Santa Catalina Mountain study area separated into Butterfly Peak 
(1,100 hectares) and Rose Canyon (1,800 hectares) landscapes.  Fire history plot 
locations were selected randomly using an aspect-stratified sampling framework.  Areas 
with steep slopes are shown because they are typically un-vegetated (rock-outcrops, talus 
slopes) and may have influenced fire spread patterns.    
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Figure 2.  Comparison between polygon based and percent of points scarred estimates of 
fire extent for a 2,900 hectare study area in the Santa Catalina Mountains of southeastern 
Arizona.  Relative fire extents were reconstructed using 41 fire history point (i.e., 2-
hectare plots).  During the period of analysis (1748-1910) there were 37 landscape fires 
(i.e., fires recorded by ≥2 points.)   
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Figure 3.  Broad-scale landscape topography comparison between the Butterfly Peak and 
Rose Canyon landscapes in the Santa Catalina Mountains.  The two landscapes occur at 
similar elevations (a), but differed in slope (b) and aspect (c) distributions. 
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Figure 4.  Comparison of percent land area to sampled points across aspent classes in the 
Butterfly Peak and Rose Canyon landscapes in the Santa Catalina Mountains.   
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Figure 5.  Fire history point-sample depth (number of points recording) in Butterfly Peak 

 
e 

and Rose Canyon study landscapes in the Santa Catalina Mountains in southeastern 
Arizona.  Fire history points reflect a composite fire record from multiple fire scarred
trees collected over a 2 hectare area.  A point was considered recording after at least on
tree had recorded a fire scar in that point.   
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Figure 6.  Point mean fire intervals (PMFIs) distributions for the Butterfly Peak (n=20) 

y 
and Rose Canyon (n=21) landscapes in the Santa Catalina Mountains in southeastern 
Arizona for the time period between 1748-1910.  PMFI distributions were significantl
different between the two landscapes (Wilcoxon test p < 0.001). 
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Figure 7.  Number of landscape fire years (i.e., years when ≥2 point recorded a fire) 

ire 

e along 

within 20-year moving windows for the Butterfly Peak (BP) and Rose Canyon (RC) 
landscapes in the Santa Catalina Mountains in southeastern Arizona.  The landscape f
frequency for RC was adjusted to reflect a similar sample size as BP using the re-
sampling program SSIZ.  Hence, the fire frequency for RC is shown as the averag
with upper and lower 95% confidence intervals.  The period of analysis was from 1748 to 
1910. 
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Figure 8.  Fire extent distribution between 1748 and 1910 in the Butterfly Peak and Rose 

., 
Canyon landscapes in the Santa Catalina Mountains in southeastern Arizona.  Relative 
fire extent was measured as the percent of points scarred for all landscape fire years (i.e
years when ≥2 point recorded a fire). Fire extent distributions were not significantly 
different between landscapes (Kolomogorv–Smirnov test p = 0.318) 
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Figure 9.  Mean fire interval for different fire extents in the Rose Canyon and Butterfly 

l as 
Peak landscapes in the Santa Catalina Mountains in southeastern Arizona.  Mean fire 
interval were calculated for fires that scarred two or more recording points (2+) as wel
≥10%, ≥25%, ≥50% and ≥75% of recording points. 
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igure 10.  Fire spread patterns in the Butterfly peak (top polygon) and Rose Canyon 
.  

e 

a 

 

 

 

F
(bottom polygon) landscapes in the Santa Catalina Mountains in southeastern Arizona
The lightning symbols represent the location of points recording a fire.  Closed circles ar
points that were recording (i.e., points where trees had been previously fire scarred), but 
did not record a fire that particular year.  Open circles are non-recording points (i.e., 
points where trees had not previously recorded a fire).  Shaded areas encompass the 
approximate fire extent within the study area.  Scale and north arrow for the study are
are provided in Figure 1. 
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Abstract 

 Climate and topography are two of the primary controls of fire history spatial 

patterns.  However, it is still unclear how these factors influenced fire history patterns in 

forests on smaller isolated mountain ranges.  The goals of this study were to describe the 

fire history of an isolated forest landscape on Rincon Peak, investigate the possibility of a 

mixed-fire regime, and evaluate the influence of broad scale (climate) versus local scale 

(topographic) factors on fire history patterns.   The fire history of the 310 hectare Rincon 

Peak study area was reconstructed by collecting fire-scars and age-structure samples from 

21 dispersed points (i.e., collections of multiple fire-scarred trees).  Between AD 1648 

and 1763, climate was the primary driver of forest fires.  Widespread fires occurred 

during drought years synchronized with fire events across the region.  After 1763 

frequent fires continued to burn in the southern but not in the northern part of the study 

area until 1819.  After 1819, landscape fires (i.e., fires that scarred ≥2 points) were absent 

from the entire study area until 1867, although nearby mountains continued to burn.  

 The fragmented fire history observed in Rincon Peak was probably a function of 

complex fuel arrangements.  The study area is surrounded by steep escarpments and 

community types that experienced infrequent stand-replacing fires and may have served 

as fire barriers (e.g., Arizona chaparral).  Multiple lines of evidence suggest that severe 

fires also occurred in pine forests, especially after long fire intervals.  This study 

emphasizes the high spatial variability of fire history patterns, especially in smaller 

mountain ranges where multiple vegetation types, each with either surface and crown fire 

regimes, are part of a complex landscape fuel arrangement. 
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Introduction 

The influence of regional climate on fire history 

 The fire history at a particular location is controlled by factors that operate at 

various temporal and spatial scales.  Fire history is often controlled by climate, operating 

at regional to global spatial scales, and at inter-annual to multi-decadal temporal scales 

(Swetnam 1993, Swetnam and Betancourt 1998, Kitzberger et al. 2001).  In Southwest 

forests and elsewhere, the association between drought years and widespread fires has 

been well established (Swetnam and Betancourt 1990, Swetnam and Baisan 1996, 

Crimmins and Comrie 2004).  For example, Swetnam and Betancourt (1998) and others 

(Grissino-Mayer and Swetnam 2000, Fule et al. 2003, Kitzberger et al. 2001) found that 

widespread fires typically occurred throughout the region during drought years preceded 

by one to three wet years.  The combination of wet and dry cycles, sometimes enhanced 

by El Niño Southern Oscillation (ENSO), promoted fuel conditions conducive for 

wildfires across the southwestern U.S. and northwestern Mexico (Swetnam et al. 2003).  

These wet/dry patterns associated with widespread fires were typically restricted to 

communities with a substantial grass understory component (e.g., Southwest ponderosa 

pine forests).  Higher elevation mixed conifer stands typically did not show wet/dry 

climate-fire associations (Swetnam and Betancourt 1998).   

 

The influence of landscape configuration on fire history  

 Fire history patterns were also influenced historically by factors that operate at 

landscape to mountain range scales (see Appendix A, Heyerdahl et al. 2001, Beaty and 
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Taylor 2001, Taylor and Skinner 2003).  Fire spread patterns, especially during non-

drought years, were determined primarily by local factors including topography, weather, 

fuels, and people (Rothermel 1983, Agee 1993, Taylor and Skinner 1998, Allen 2004, 

Mermoz et al. 2005).  Lightning and human ignition sources were historically abundant 

in the Southwest forests.  However, the high fire-scar synchrony found among trees 

within a landscape was not likely caused by independent ignitions.  Instead, it seems 

more likely that widespread fires resulted from one or a small number of ignitions.  This 

means that large fires entailed burning through a matrix of flammable fuels between the 

initial ignition point and particular trees where the fire was recorded.  Consequently, 

forests adjacent to or within a matrix of non-flammable fuels may not have experienced 

fires as frequently as forests surrounded by flammable fuels (Turner et al. 1989, Taylor 

2000, Finney 2005).   

 

Fire history in isolated mountain ranges 

 The fire history of ponderosa pine and mixed conifer forests has been well 

studied, particularly in the Southwest forests (Swetnam et al. 2001, Fule et al. 2003).  

Most studies have been carried out in forests within extensive fuel complexes that 

provided unimpeded fire spread.  These studies show that on average large surface fires 

(i.e., fires that scarred > 25% of the samples) occurred every 7-15 years (Swetnam et al. 

2001).  Fire history studies conducted in landscapes with complex fuel arrangements 

have yielded different results (Baisan and Swetnam 1995, Touchan et al. 1996, Morino 

1996, Swetnam et al. 2001, Brown et al. 2001, Grissino-Mayer et al. 2004).  For example, 
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in the Animas Mountains in southwestern New Mexico, forest stands are dispersed 

among oak-shrub fields and talus slopes.  Therefore, the fire history was a mixture of 

surface and stand-replacing fires, depending on the location of the stand and time since 

the last widespread fire (Baisan and Swetnam 1995, Villanueva-Diaz 1996).  Mixed-fire 

regimes may have also occurred at other “sky islands”, including the northern Chiricahua 

Mountains (Barton et al.  2001), Huachuca Mountains (Danzer et al 1996), Santa Rita 

Mountains, as well in portions of the Colorado Plateau (Floyd et al. 2000) and Great 

Basin (Swetnam et al. 2001).   

 Additional fire history studies from landscapes with mixed-fire regimes are 

needed to identify the spatial and temporal characteristics associated with mixed-fire 

regimes.  That is, we need to understand where mixed-fire regimes occur, what causes 

them and when (Morgan et al. 2001).  A greater understanding of mixed-fire regimes 

would allow researcher and mangers to compare and contrast mixed-fire regimes with 

surface or crown-fire dominated regimes.  This would also allow us to develop more 

appropriate management strategies and avoid one-size-fits-all approaches (Agee and 

Skinner 2005).     

 

Objectives 

 Like the Animas Mountains, forests on Rincon Peak are isolated by talus slopes 

and extensive shrub fields making these forests candidates for a mixed-fire regime.  

Baisan and Swetnam (1990) reported long fire intervals in their Rincon Peak fire 

chronology and visual evidence of stand-replacing fires, however, the limited sample size 
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(five trees) restricted any further interpretation.  Further investigation into the fire history 

of Rincon Peak was warranted by the lack of information on mixed-fire regimes and the 

potential loss of fire history evidence (i.e., fire-scarred trees) due to future wildfires.  The 

goals of this study were to describe the fire history of an isolated forest landscape on 

Rincon Peak, investigate the possibility of a mixed-fire regime, and evaluate the 

influence of broad scale (i.e., climate) versus local scale (i.e., topographic) factors on fire 

history patterns.   This study addresses four specific questions: (1) Where previously 

identified long fire intervals an artifact of sample size or actual mountain-wide fire 

intervals? (2) What was the relationship between climate and fire extent? (3) How did 

landscape topography and fuel arrangements influence historic fire spread patterns? (4) 

Did stand-replacing fires occur in this forested landscape? 

 

Methods 

Study Area 

 The greater Rincon Mountains include Mica Mountain (2,641 m) and Rincon 

Peak (2,625 m), which are separated by a saddle at an elevation of 2,030 m.  Most of the 

Rincon Mountains are managed by the National Park Service.  Within the study area 

development has been limited because of the lack of roads.  A more detailed description 

of the land use in the greater Rincon Mountains is provided by Baisan and Swetnam 

(1990).  The Rincon Mountains lie within the Madrean Archipelago in southeastern 

Arizona.  These mountain “islands” are separated by low-elevation desert “seas”, and are 

a northern extension of the Sierra Madre Occidental of northwestern Mexico (Warshall 
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1995).  Geographically, the Madrean Archipelago is located at the junction of four major 

biomes: the Sonoran and Chihuahuan deserts, and the Sierra Madre and Rocky 

Mountains (McLaughlin 1995).  The region has a bimodal precipitation pattern.  In 

winter, high elevations (> 1,500 m) receive snow that falls as rain at low elevations.  In 

summer, tropical moisture creates monsoonal weather that produces localized 

thunderstorms.  Annual precipitation varies from approximately 400 mm at 1500 m to 

780 mm at 2500 m above sea level (Sellers et al. 1985, Shreve 1919). 

 The geography and vertical relief of the sky islands combine to create a diverse 

mosaic of vegetation assemblages stratified along elevation/moisture gradients (Lowe 

1961, Whittaker and Niering 1965, 1968a, 1968b, Niering and Lowe 1984).  Plant 

communities at higher elevations are related to the Cordilleran/Rocky Mountain floristic 

province (McLaughlin 1995).  On Rincon Peak, the most mesic forests are dominated by 

mixed conifer species, including Douglas-fir (Pseudotsuga menziesii var. glauca Beissn. 

Franco), ponderosa pine (Pinus ponderosa Dougl. ex Lawson, var. arizonica [Engelm.] 

Shaw and var. scopulorum [Engelm.]), southwestern white pine (Pinus strobiformis 

Engelm.), and Gambel oak (Quercus gambelii Nutt.).  Mid-elevation communities are 

related to the Madrean floristic province.  These forests and woodlands are dominated by 

pine-oak communities that include: ponderosa pine and Madrean evergreen oaks such as 

silverleaf oak (Quercus hypoleucoides A. Camus), Arizona white oak (Q. arizonica 

Sarg.) and netleaf oak (Q. rugosa Née).  Steep slopes also contain chaparral communities 

dominated by similar oak species in addition to pinyon pine (Pinus discolor Bailey and 
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Hawksw), Juniper species (Juniperus spp.) and pointleaf manzanita (Artostaphylos 

pungens K. Kunth). 

Fire History Methods 

 The lower elevation boundary of the Rincon Peak study area followed the 

distribution of pine forests because these species were the main source of fire-scarred 

samples (Figure 1).  We delineated the 310 hectares study area boundary using a 

combination of digital elevation maps (DEM), 1:24,000 topographic maps, digital 

orthophoto quarter quadrants and field reconnaissance.  We collected fire history samples 

using a spatially-stratified random sampling framework.  We initially stratified the study 

area into three aspect classes: North (300˚-360˚and 0˚-60˚), South-south-east (60˚-180˚) 

and South-south-west (180˚-300˚).  To ensure adequate spatial sampling distribution, we 

also separated the study area into three sampling units of roughly equal size using natural 

features as boundaries.  We selected individual sampling points within each unit 

randomly when multiple stands with the same aspects class were available.  We selected 

at least one point from each aspect class in each sampling unit.  Additional points were 

also selected to fill gaps between distant point locations.   

 In the field, we located each sampling point to serve as plot center.  We then 

collected fire history samples within a 2 hectare area around each point.  In all we 

collected a total of 20 fire history plots.  The objective of the fire-scar sampling was to 

obtain as complete and as long an inventory of fire events as possible (Swetnam and 

Baisan 1996).  Because most trees record only a fraction of all fires (Dieterich and 

Swetnam 1984).  Therefore acquiring a complete fire history record requires sampling 
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multiple trees over an extended area.  We established a minimum mapping unit (MMU) 

of 2 hectares to standardize fire frequency measures (Falk and Swetnam 2003).  Within 

the MMU we assumed a uniform fire history (i.e., a fire recorded by any tree affected the 

entire area).   

 Within the 2 hectare area, we first located all fire-scarred trees (including live 

trees, downed logs and snags) and then collected best-preserved samples with maximum 

number of visible scars.  A minimum of 2 and a maximum of 9 fire-scarred trees were 

sampled per plot.  We obtained fire-scar samples using chainsaws, cutting full or partial 

cross-sections from the lower bole (Arno and Sneck 1977).  We also sampled tree ages 

from 5-10 older-looking trees within a nested 0.1 hectare plots within the fire history 

plots (See Appendix C).  However, the age structure patterns presented here are from two 

fire history plots that had evidence (e.g., snags and a lack of old trees) of stand-replacing 

fires.  At these two locations, we cored all trees within a 10 m by 10 m area, and all trees 

> 10 cm DBH within a 10 m by 50 m area to insure ample samples from a variety of age 

and size classes.   

In the laboratory, fire-scarred and age structure samples were cataloged, sanded 

and dated.  After being cataloged we dried each sample for at least 3 weeks, and then 

sanded progressively to a high polish using a belt sanders and grits up to 400.  We then 

crossdated the samples using dendrochronological techniques (Stokes and Smiley 1968), 

and assigned each fire-scar and pith date a calendar year.  If possible, we estimated 

missing piths by overlying concentric circle transparences to match the curvature of the 
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inner most rings (Liu 1986).  We only used estimated pith dates when the estimated pith 

date was within 20 years of the inner-most rings. 

 

Fire History Analysis 

 We combined all fire-scarred trees within a fire history plot to create a plot 

composite (Dieterich 1980).  From here forward fire history plot composites will be 

referred to as points (i.e., points within the larger study area).  We considered an 

individual tree “recording” only after an initial injury (fire) scarred the tree making it 

more susceptible to record subsequent fires (Romme 1980).  If the tree healed over the 

fire scar(s) we considered it not recording or “null” and its recording ability ended when 

a wound was completely covered by bark.  We also considered sample portions not 

recording if natural deterioration or subsequent fires made it impossible to positively 

identify and date fire-scars.  We considered each point “recording” when one or more 

trees were recording.  To determined a period of analysis we analyzed the spatial 

distribution and number of points recording through time to find time period with 

sufficient sample depth and adequate spatial distribution (i.e., at least two recording plots 

in each half of the study areas). 

 Within the study area, we identified a “landscape fire year” when at least 2 points 

recorded a fire in the same year.  For each landscape fire year, we estimated relative fire 

extent by calculating the percentage of recording points scarred that year.  We compared 

spatial and temporal fire history differences between north and south portions of the 

study area.  We calculated descriptive fire interval statistics for two distinct time periods 
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(1648 to 1763 and 1763 to 1867) for the north and south portions of the study area.  We 

selected these periods based upon observed changes in the fire scar record (e.g., a 56 year 

period without fires among some plots).  We also calculated fire interval statistics for all 

landscape fire years as well as fire years when > 50% of the points scarred.   

 We compared the temporal pattern of landscape fire years to climate conditions 

based the tree-ring reconstructed summer (June-August) Palmer Drought Severity Index 

(PDSI) using grid point number 105 located in southeastern Arizona (Cook et al. 1999).   

We used PDSI for the Superposed Epoch Analysis (SEA) that was performed to 

investigate the relationships between relative fire extent (i.e., widespread vs. local) and 

inter-annual climate patterns (Baisan and Swetnam 1990).  We identified widespread fire 

year when ≥70% of recording points scarred and local fire years when <70% of recording 

points scarred.  The SEA method computed the average climate conditions associated 

with the fire years as well as years before and after the fire years.  The averages were 

then compared to variation in the entire climate record using Monte Carlo simulations 

that provided an expected average and confidence intervals (Swetnam and Betancourt 

1992, Grissino-Mayer 1995).   

 

Results 

 Between the earliest fire scar in 1502 and the latest in 1988, fires were recorded 

by at least one point in 64 different years.  However, relative fire extent and spatial 

patterns could only be reliably reconstructed after 1648 because of the lack of recording 

points in the southern half of the study area before this date (Figure 2).     
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Temporal and spatial surface fire patterns 

 Within the Rincon Peak study area, there were 16 landscape fire years (i.e., years 

when ≥2 points recorded a fire) between 1648 and 1763 (Figure 2).  Seven of these were 

also widespread fire years (i.e., years when ≥ 70% of points recorded a fire) (Figure 3).  

In addition to widespread fire years, there were some years, when fires were recorded 

primarily among points in the southern part of the study area (e.g., 1691, 1708, 1718, and 

1738) (Figure 3).  Conversely, in some years fires were recorded mostly in the north 

and/or central part of the study area (e.g., 1659, 1668, 1670, 1704, and 1715).   

 The fire history spatial pattern on Rincon Peak changed after 1763 (Figure 2).  

The 1763 and 1819 fires were two of the most widespread events, as fire were recorded 

by at least 95% of the points in both of these years (Figure 3).  However, between 1763 

and 1819 there were no widespread fire events (i.e., years when ≥ 70% of points recorded 

a fire) in the study area (Figure 2).  During this time, landscape fires were recorded but 

only among points in the southern part of the study area such as in 1775, 1786, 1798, and 

1806 (Figure 3).  Other than the 1775 fire, no other fires were recorded in the nine most 

northern recording points between 1763 and 1819 (Figure 2).  The 1819 fire began a 

period of reduced fire frequency when no landscape fires (i.e., fires that scarred ≥ 2 

points) were recorded until 1867.  Unlike the previous period, the fire hiatus after 1819 

occurred throughout the study area (Figure 2).   

 Fire intervals in the southern and northern sections of the Rincon Peak study area 

were highly variable especially between 1763 and 1867.  For example, the MFI for 
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landscape fire years in the northern part of the study area, changed from 9.6 years 

(between 1648 and 1763) to 34.7 years (between 1763 and 1867) (Table 1).  Similarly, 

the MFI for landscape fire years in the southern part of the study area changed from 10.5 

years, (between 1648 and 1763) to 17.5 years (between 1763 and 1867).  The MFI for 

fires that scarred > 50% of recording points (between 1763 and 1867) in the north part of 

the study area was 52.0 years but only 20.8 years in the south (Table 1).   

 Across the study area, the 1867 fire marked the end of the 48-year interval 

between landscape fires (Figure 2).  In the 26 years after 1867 two other fires were 

recorded in 1879 and 1893.  The 1879 fire, scarred points in the northern and southern 

portions, but was not recorded by points in the central part of the study area (Figure 3).  

The 1893 fire was only recorded by points in the central and northern part of the study 

area.  After 1893, 10 fire years (i.e., years when at least one point recorded fire) were 

recorded in the tree-ring record, however only a fire in 1988 scarred more than one point 

(Figure 2).   

 The SEA results (Figure 4) show that widespread fires (i.e., years when ≥ 70% of 

the points recorded a fire) occurred during drier than normal (drought) years (p < 0.001) 

and wetter than average conditions 2 and 3 years prior to the fire year (p < 0.05).  Non-

widespread fire years (i.e., fires recorded by ≤ 70% of the points) were associated with 

dry conditions (p < 0.05) but no significant pattern in years prior to the fire. 
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Mixed-fire regime  

 Multiple types of evidence on Rincon Peak suggested that a portion of the study 

area may have experienced a mixed fire regime (i.e., a combination of surface and stand-

replacing fires).  For example, within the area south of the peak (Figure 1) we sampled 

five points (12, 13, 18, 19, and 20 in Figure 1) with evidence of both, frequent surface 

and infrequent stand-replacing fire events that occurred at different times.  A low severity 

fire was assumed to have occurred when most trees survived a fire that was recorded by 

some fire-scarred trees.  Within the area south of the peak, only two sampled fire-scarred 

trees survived after the 1867 fire (Figure 5).  We interpreted the lack of surviving trees 

past 1867 as a sign of extensive tree mortality possibly related to a crown fire event.  If a 

crown fire occurred then we could expect to find trees with death-dates of 1867.  

However, precise death-date can only be determined if the bark is still attached to the 

tree, although the outer-most ring of trees without bark can served as an approximate 

death-date.  Two of the dead trees sampled in the area south of the peak had remnant bark 

that provided an exact death-date of 1867 (Figure 5).  Three other trees without bark had 

outer-most ring dates of 1866, 1865, and 1862 so they too were probably killed in 1867.  

Drought or insects probably did not cause such extensive tree mortality because 1867 was 

relatively wet.  Instead, most canopy trees in the area just south of the peak were 

probably killed by a stand-replacing fire that was recorded as a fire-scar in the few 

surviving trees.    

 Another sign of stand-replacing fires are even-aged regeneration patches.  Of the 

five fire history points that have evidence of stand-replacing fires, three were on xeric 
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south aspects and have become oak-shrub fields (Figure 6a).  The two other points were 

on more mesic north aspects and are now dominated by ponderosa pine (Figure 6b).  Age 

structure patterns from these two points showed a post 1900 even-age regeneration 

pattern and a lack of trees that pre-dated the 1867 fire (Figure 7).  Most likely, 

regeneration after the 1867 fire was delayed, either by subsequent fires in 1879 and 1893 

(Figure 7) or by the lack of a seed source.  Many forests elsewhere in this region also 

show increased tree establishment after 1900 due to fire exclusion (Cooper 1960, 

Covington and Moore 1994).  However, what distinguished age structure patterns at these 

two locations was the lack of an older cohort prior to 1900.   

 In addition to the evidence described above, there were a few old scattered trees 

outside the age-structure plots that were cored and had either injuries or suppressed 

growth after 1867 (data not shown).  These signs of a disturbance may reflect crown 

scorching from the 1867 fires and may be additional evidence of a stand-replacing fire 

event.  The clustering of outer-most ring dates prior to 1819 and 1798 from logs with no 

bark, suggests that these fire years may have also caused some overstory mortality 

(Figure 5).  Similarly, a stand-replacing fire event was also indicated by the lack of fire-

scarred trees predating the 1775 fire on plot 16 (Figure 2).  These age structure and fire 

history patterns indicate that the southern part of the study area had a mixed-fire regime 

that consisted of repeated surface fires and infrequent patchy stand-replacing events. 

 

 

 



 113

Discussion 

Climate – fire relationship 

 Fire history patterns on Rincon Peak were highly variable over time and space.  

Factors that controlled fire history patterns also appear to change from climate to 

landscape fuel arrangement.  Between 1648 and 1763, the fire regime consisted of 

frequent surface fires, ranging from local to widespread events.  During this period, the 

relative fire extents and spatial patterns were strongly associated with regional climate 

conditions (Figure 4 and 8).  For instance, in Rincon Peak all widespread fire years (i.e., 

years when > 70% of points recorded a fire) between 1648 and 1763 (except 1728) were 

synchronous with southwestern regional fire years reported by Swetnam and Betancourt 

(1998).  Widespread fire years were significantly drier than normal and were typically 

proceeded by significantly wetter than normal conditions 2-3 years prior to the event 

(Figure 4a).  Local fire years (i.e., years when < 70% of points recorded a fire) were also 

associated with significantly drier than normal conditions (p < 0.05).   However, these 

fire years were preceded by dry conditions that perhaps limited the production of fine 

fuels necessary for widespread fire years (Figure 4b). 

 After 1763, it appears that fire spread patterns began to be controlled primarily by 

the Rincon Peak landscape fuel arrangement rather than by the regional climate.  For 

example, drought years, like 1798 and 1806 resulted in relatively small fire years, 

restricted to the southern end of Rincon Peak (Figure 8), whereas these were large fire 

years elsewhere in the region (Swetnam and Betancourt 1998).  The widespread fire in 

1867 was also apparently not climate driven (i.e., it occurred in a wet year), but was 
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instead probably a function of the length of time since the last fire (Figure 8).  That is, 

during the 48-year landscape-fire hiatus prior to 1867, fuels accumulated to create a 

continuous flammable landscape that allowed fire to be widespread in the absence of dry 

conditions.  However, the extensive fire event in 1819 (Figure 3) was consistent with 

similar widespread fires across Southwest forests (Swetnam and Betancourt 1998).   

 

Regional response to climate change in LEENT  

 Climate has a regional influence and hence processes partly controlled by climate, 

such as fire frequency, tend to be synchronized at regional scales (Swetnam and 

Betancourt 1990).  Therefore, if the long fire intervals in the Rincon Peak fire chronology 

were caused exclusively by climate variability, then one would expect to find a similar 

pattern across the region or at least in adjacent mountain ranges.  Across the Southwest 

forests a number of fire history studies have reported distinct changes in fire frequency in 

the late 18th – early 19th century transition (LEENT) period (Swetnam and Betancourt 

1998, Grissimo-Mayer et al. 2000).  Relatively long fire intervals or “fire gaps” have 

been documented at regional (Veblen et al. 2000, Sibold and Veblen 2006) as well as 

hemisphere scales during this time (Kitzberger et al. 2001).  The large-scale spatial 

synchrony of decreased fire frequencies during LEENT indicate that these changes were 

related to climatic conditions, specifically changes in the amplitude of El Niño- Southern 

Oscillation (ENSO) (Grissino-Mayer et al. 2004).  Kitzberger et al. (2001) have shown 

that during LEENT reduced ENSO amplitude could have caused decreased winter/spring 

precipitation and reduced fuel production resulting in limited fire spread.  Climate 
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changes that would eliminate or reduce interannual variability would have important 

consequences on Rincon Peak given the strong relationship between inter-annual wet-dry 

cycles and widespread fire years (Figure 4).   

 

Sky island comparison  

 Grissino-Mayer et al. (2004) proposed that a reduction of lightning during the 

LEENT period could have also resulted in reduced fire ignitions and spread.  Reduced 

lightning activity would reduce fire frequencies across the region and especially in the 

sky islands of southeastern Arizona where lightning ignitions are abundant.  However, 

climate changes during LEENT did not cause obvious changes to the fire regimes on 

forested mountain ranges adjacent to Rincon Peak.  For example, the Santa Catalina and 

Mica Mountains, are within a 40 km radius of Rincon Peak.  In these mountain ranges 

Farris (personal communication) and Iniguez (see Appendix A) found that the longest fire 

interval at any one point was less than 30 years, based on 2 hectare fire history plots 

similar to this study.  The fire history in these neighboring mountains did change from 

frequent small fires prior to 1819 to less frequent but larger fires after.  This lack of 

synchrony between Rincon Peak and neighboring mountain ranges suggests that although 

climate was changing in the LEENT period, the effects of these changes differed between 

mountain ranges.  The fire history in adjacent mountain ranges and spatial pattern of fires 

occurring between 1763 and 1819 suggests the lack of fire in the northern part of Rincon 

Peak was likely caused by factors unique to Rincon Peak.  
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Influence of landscape fuel arrangement on fire spread pattern 

           The rugged topography and complex fuel arrangement are two unique features of 

Rincon Peak.  To quantify topographic spatial variability, we selected an area of 2,900 

hectares surrounding the Rincon Peak study area.  This area was comparable in size to the 

Santa Catalina study area that had no point fire intervals longer than 30 years (see 

Appendix A).  We computed elevation semi-variance (variability at lag distances) in each 

area, and used as a landscape topographic metric to compare the two areas (Figure 10).  

The semi-variogram showed that, between points at lag distances, elevation variability 

was greater in Rincon Peak compared to the Santa Catalina study area.  Greater elevation 

variability in Rincon Peak was a manifestation of the very steep terrain found not only in 

the Rincon Peak study areas but in the surrounding landscape. 

 Differences in elevation variability over short distances on Rincon Peak also 

produce large differences in vegetation and fuel conditions.  For example, the forested 

landscape on Rincon Peak was 310 hectares, whereas the forested area in the Santa 

Catalina study area was 2,900 hectares.  This permits most forested areas in the Santa 

Catalinas to be adjacent to other forested areas, whereas in Rincon Peak, forest 

communities are typically adjacent to non-forested areas (i.e., steep talus slopes, rock 

outcrops, chaparral, etc.).  The topography and fuel arrangement conditions on Rincon 

Peak likely created a fuel matrix where forests were isolated by communities with less 

frequent fire regimes (Figure 1).  For instance, to the east, the Rincon Peak study area 

borders very steep (> 40º) slopes sparsely vegetated with oak-shrubs and “stringers” of 

Arizona cypress (Cupressus arizonica Greene) along steep walled canyons (Figure 9a).  
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To the west, there are steep rock escarpments with sparse vegetation, flanked by dense 

fields of Arizona chaparral (Figure 9b).  North of the Rincon Peak study area, the 

topography is broken up, with areas of dense oak-shrubs and pinyon-juniper communities 

as well as some un-vegetated rock faces (Figure 9c).   

 Because Arizona chaparral and oak-shrub communities grow on rocky slopes with 

relatively dispersed fuels, they tend to have fire return intervals of 30-100 years (Wright 

and Bailey 1982, Dieterich and Hibbert 1990, Rollins et al. 2002, Keeley and 

Fotheringham 2003).  Undoubtedly fires spread into the Rincon Peak forests through 

these chaparral communities.  It is unlikely, however, that this occurred frequently 

enough (i.e., every 10-15 years) to support the history of frequent fires recorded in the 

Rincon Peak forests prior to 1763.  Instead, it is more likely that ignitions came primarily 

from local lightning strikes, or from fires spreading from the southern end of the study 

area.  To the south, the topography is less rugged and there is a gradual transition of fuels 

from desert grasslands to oak woodlands and into the high elevation forests (Figure 1 and 

9d).  The topography and fuels south of the study area indicate that the forests on the 

south side of Rincon Peak may have had a more reliable ignition source compared to the 

forests on the north.  This difference could in part explain why points in the southern part 

of the study area continued to be scarred by fire between 1763 and 1819, while northern 

points were not (Figure 2).   
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Stand-replacing fires, oak-shrub fields and fire barriers 

 Although points in the southern part of the Rincon Peak study area may have had 

a more reliable ignition source, both southern and northern points had similar mean fire 

intervals between 1648 and 1763 (Table 1).  Therefore, the lack of fires in the northern 

part of the study area, between 1763 and 1819, appears to be related to fuel arrangement 

and connectivity changes unique to Rincon Peak.  The forests in the northern and 

southern parts of the study area are connected by a thin strip of forests that runs through a 

narrow saddle between the exposed rock on the peak and the escarpment to the west 

(Figure 1).  This connective forest strip (that includes points 11 and 17) is adjacent to the 

area that we suspect was converted from forest to oak-shrub by a stand-replacing fire 

(i.e., area identified as forest with oak-shrub on Figure 1).  It may be that prior to 1763 

forests south of the peak were more extensive and thus fires could spread un-impeded 

between the northern and southern forests of the study area.  However, after either 1763 

or 1775, the connection between forests in the north and south may have been altered by 

a stand-replacing fire that impeded widespread fires in subsequent years.  Such a 

fragmentation of flammable fuels could explain the continuance of surface fires in the 

southern part of the study area between 1763 and 1819, but it does not explain the 

absence of widespread fires between 1819 and 1867.   

 

Small mountain range size 

 The drastic cessation of landscape fires (i.e., fires that scarred ≥ 2 points) between 

1819 and 1867 observed on Rincon Peak could have resulted from a combination of 
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climatic and local factors.  When compared to other sky islands, Rincon Peak shares 

similar physical and biological characteristics with other nearby mountains, but lacks the 

mass of larger sky islands.  The maximum height of Rincon Peak (2,625 m) is 

comparable to other nearby sky islands such as the Huachucas, Santa Rita, Santa Catalina 

and Mica Mountains.  All these ranges have similar forest communities including pine-

oak, pure pine, and mixed-conifer forests.  However, the forested area on Rincon Peak is 

only approximately 310 hectares, which is about one-tenth of the forested area on nearby 

Mica Mountain.  Similarly, the amount of area above 1,800 m in Rincon Peak is only a 

fraction of that in other ranges.  Therefore because of the smaller mass Rincon Peak may 

receive fewer lightning strikes and fewer fire ignitions compared to more massive sky 

islands (Baisan and Swetnam 1990).  This general reduction in lightning strikes due to 

the mountain range size, combined with climatic conditions during the LEENT period 

may have reduced lightning ignitions and fire spread (Grissino-Mayer et al. 2004).  This 

scenario could partly explain the mountain-wide landscape fire-free interval between 

1819 and 1867 observed on Rincon Peak. 

 

Regional commonalities between areas with mixed-fire regimes 

 The long fire intervals and evidence of stand-replacing fires in the Rincon Peak 

fire chronology are not typical for southwestern ponderosa pine forests.  However, there 

are at least four other sites where similar mixed-fire regimes have been documented.  For 

example, in a ponderosa pine forest in central Colorado (Brown et al. 1999) there was a 

128-year period without widespread fires (1723-1851) although some localized fires were 
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recorded.  In Rhyolite Canyon in the Chiricahua Mountains, Barton et al. (2001) 

documented a 50-year fire interval (1800-50) believed to have been caused by floods that 

disconnected the fuel matrix along the canyon bottom where the fire-scarred trees were 

sampled.  Similarly, Stephens et al. (2003) documented a 40-year fire interval (1790-

1830) in the Sierra San Pedro Martir in Baja California, Mexico.  Another example is the 

Animas Mountains (Swetnam et al. 2001) where there was evidence of stand replacing 

fires and fire intervals as long as 32-years (1825-1857).   

 The fire chronologies from sites with mixed-fire regimes share several 

characteristics that could explain the patterns observed on Rincon Peak.  First, all these 

studies documented long fire intervals within the same time period (LEENT), which 

indicates climate was in part responsible.  Second, these studies are all from sites with 

rugged topography and complex fuel arrangements, which reflects the importance of 

landscape fuel connectivity and fire spread.  Third, all these studies report some sort of a 

stand-replacing fire component (i.e., mixed-fire regime) that could also decrease fuel 

connectivity.  The physical landscape similarities shared by forests with mixed-fire 

regimes indicates these types of forest landscapes may have been more susceptible to 

climatic changes compared to forested landscapes with gentler topography and more 

continuous fuel arrangements. 

 It is possible that slight or moderate climate changes during the LEENT period 

may have affected lightning, inter-annual variability and/or increased moisture levels 

resulted in longer fire intervals.  These long fire intervals led a buildup of fuels and 

eventually to relatively severe fires.  These severe fires in turn disconnected flammable 
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fuels and limited fire spread.  In forested landscapes with limited possibilities for fire 

spread, like Rincon Peak, the consequences of such climatic changes may have been 

sufficient to isolate forested areas from normal ignition sources.  On the other hand, in 

forest landscapes with gentler topography and surrounded by flammable fuels (e.g., Mica 

Mountain and the Santa Catalinas), ignitions and the fuel connectivity was less important.  

Hence, in these highly connected landscapes, such climate changes may have led to a 

decline in fire frequency, but did not result in unusually long fire intervals, subsequent 

severe fires and fuel discontinuity. 

 

Management Implications 

 Forest fires have now been suppressed on Rincon Peak for at least a century.  This 

has resulted in forests overstocked with trees, thus vulnerable to stand-replacing fires 

unless these areas are treated using prescribed fire.  Fires will return to Rincon Peak, the 

only questions are when and at what severity.  Managers faced with these scenarios have 

two alternatives: either use prescribed fire or wait for a wildfire ignition that escapes 

suppression efforts.  Both options will likely include patches of stand-replacing fires.  

However, the prescribed fire option has a greater chance of limiting the extent of crown-

fire patches.  Stand-replacing forest fires historically occurred on Rincon Peak, however, 

they were limited to less than approximately 60 hectare patches.  On the other hand, 

crown fire patches during recent fires in the sky islands have exceeded 200 hectares (i.e., 

the Bullock fire in 2002 and the Aspen fire in 2003 in the Santa Catalina Mountains).  If 

this type of fire behavior occurred in Rincon Peak such a blaze could destroy the entire 
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pine belt.  The threat of losing the pine forests in Rincon Peak to crown fire warrants the 

use of prescribed fire as a means of conserving natural processes and perpetuating these 

forests for future generations.       

 As the detailed fire histories from more and more sites have been documented, it 

has become clear that not all sites can be categorized as either having a surface or stand-

replacing fire regime, thus the broad discussions in recent years about mixed-fire 

regimes.  Mixed-fire regimes are difficult to define because they can and often occur 

along both temporal and spatial scales.  For example, an individual location could 

experience both surface and crown fires and thus a mixed-fire regime.  This occurred in 

at least one 60-hectare area on Rincon Peak where trees recorded numerous surface fires 

and were then killed abruptly by a stand-replacing fire in 1867.  In contrast, over an area 

fires can be both low and high severity and thus constitute a mixed fire regime.  For 

example, this kind of mixed severity fire occurred in Rincon Peak in 1867, when some 

trees were only fire-scarred, but survived while in other areas trees were fire-killed. 

 Agee (2004) defined mixed-fire regimes as a combination of fire events over time 

that results in a complex mix of patches that burned at different severities.  Similarly Fule 

et al. (2003) defined mixed-severity fire regimes “where forest patches affected by low 

and high-severity burning are closely juxtaposed”.  Both of these definitions are 

landscape- or area-based, however neither are explicit about the size of the patches 

affected by the different severities.  Therefore a low severity fire regime that includes 

individual trees or clumps of tree mortality could be described as a mixed-fire regime.   

In the 310 hectare Rincon Peak study area there was a 60 hectare patch that experienced a 
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stand replacing fire.  Therefore, we encourage establishing a minimum patch size (e.g., 

50-100 hectares) or landscape ratio (e.g., > 0.2- 0.25 of landscape) required for each fire 

severity class in order to define a mixed-severity fire regime.  This would clearly define 

what constitutes a mixed-fire regime and facilitate distinctions between fire regimes.   

 Evidence of a mixed-fire regime on Rincon Peak, and the lack of similar evidence 

in other forests, is likely due to features unique to Rincon Peak and other small mountain 

ranges.  Here stand-replacing fires in pine and pine-oak communities were caused by 

particular fuel landscape arrangement and long fire intervals.  That is, intense fires from 

adjacent areas could spread into communities that would otherwise support surface fires 

(Finney et al. 2005).  Moreover, crown fire spread was also partly aided by long fire 

intervals that allowed fuel to accumulate and become more spatially continuous.  This 

spatial interaction between communities with different fuel conditions will be especially 

important in managing Southwest forest landscapes that recently experienced wildfires.  

In recently burned landscapes, areas that experienced stand-replacing fire have 

regenerated with oak species that are less likely to burn in the near future.  These areas 

could be used by managers as fire barriers to control prescribed fires and restore a surface 

fire regime to areas that experienced less severe fires.  Furthermore, managers could re-

clear and maintain control lines build during fire suppression efforts to implement 

prescribed fire programs. 
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Conclusions 

 The Rincon Peak fire history varied temporally and spatially.  The long fire 

intervals that were first detected by Baisan and Swetnam (1990) appear not to be a 

function of sample size.  Instead, these long periods without fire were most probably 

caused by a combination of climate and landscape fuel arrangements.  In general, prior to 

1763, the Rincon Peak fire history patterns were primarily controlled by climatic 

conditions, as widespread fire years were synchronized with similar events across the 

region.  After 1763 fire history patterns were controlled by landscape topography and fuel 

arrangements that fragmented flammable fuels, limiting fire spread and caused unusually 

long fire intervals.  In the southern part of the study area, these long fire intervals resulted 

in fuel build-up, and eventually stand-replacing fires.  Hence, the fire history of Rincon 

Peak was a mix of short and long fire intervals, surface and stand-replacing fires, and fire 

history patterns that were driven by both regional and local factors. 
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Tables 

 

 

 
Table 1.  Spatial and temporal comparison of fire intervals in the Rincon Peak study 
area in southeastern Arizona.  Fire intervals were compared between two time 
periods (1648-1763 and 1763-1867) and two areas (i.e., forests in the northern and 
southern parts) of the Rincon Peak study area.  Fire history points are fire 
chronologies based on multiple fire-scarred trees collected in within a 2 hectare area.  
Fire-interval descriptive statistics are computed using the following filters: ALL= all 
fire years when two or more plots recorded a fire and > 50 % = fire years when ≥ 
50% of recording plots recorded a fire within the north and south parts of the study 
area, respectively.   
Time 
period +NORTH ALL >50% 

 Time 
period ^SOUTH ALL >50% 

Mean 9.6 14.4  Mean 10.5 12.8 1648-
1763 Median 10.5 14.5  

1648-
1763 Median 10.0 11.0 

 # of Intervals 12 8   # of Intervals 11 9 
 St. Dev. 3.5 5.5   St. Dev. 5.5 6.5 
         

Mean 34.7 52.0  Mean 17.3 20.8 1763-
1867 Median 44.0 52.0  

1763-
1867 Median 12.0 13.0 

 # of Intervals 3 2   # of Intervals 6 5 
 St. Dev. 19.7 5.7   St. Dev. 15.1 16.2 
+North includes points 1-10 and 21.   
^South includes points 11-20 in Figure 1. 
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Figures 
 

 
Figure 1.  Broad vegetation types and fire history plot locations in the Rincon Peak study 
area in southeastern Arizona.  Location of fire history plots (i.e., points) and associated 
identification numbers correspond to those in Figure 2. 
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Figure 2.  Master fire chronology for the Rincon Peak study area in southeastern Arizona.  
Each horizontal line represents the composite fire chronology for one point (i.e., 2 hectare 
fire history plot) based on multiple fire-scarred trees.  For each point fire chronology a 
solid line represents recording (i.e., at least one trees was susceptible fire-scar) and 
dashed lines represents not recording (i.e., no trees were susceptible to fire-scar).  Small 
vertical dashes represent fire events in a particular year.  Point numbers on the right 
correspond to geographic locations (Figure 1), arranged form north (top) to south 
(bottom).  Years labeled along the bottom correspond to landscape fire years (i.e., years 
when two or more points were fire-scarred).   
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Figure 3.  Fire spread patterns for all landscape fire years (i.e., years when at least two 
plots were scarred) in the Rincon Peak study area in southeastern Arizona between 1648 
and 1893.  Percentages to the right of each fire year map indicate estimated percent of 
total study area burned.  Note the absence of fire in the nine northern most plots between 
1763 and 1819.    
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Figure 4.  Superposed epoch analysis (SEA) for widespread (i.e., years when ≥ 70% of 
recording points were scarred) (a) and local fire years (i.e., years when ≤ 70% of 
recording points scarred) (b) in the Rincon Peak Study area in southeastern Arizona.  
Based on Palmer Drought Severity Index (PDSI) widespread fire years were significantly 
dry and preceded by wet conditions 2-3 years prior.  Local fire years were also dry, but 
were not preceded by wet conditions.  The period of analysis extends from 1648 to 1893.  
Confidence intervals determined from Monte Carlo re-sampling procedure (Swetnam and 
Betancourt 1992, Grissino-Mayer 1995). 
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Figure 5.  Master fire chronology graph for all fire-scarred trees within the six points 
south of Rincon Peak.  Horizontal lines represent individual trees with corresponding 
plot-tree identification numbers along right side.  Point locations provided in Figure 1.  
Bark-dates of 1867 on trees 19-1 and 12-4 are exact death dates while other outer-most 
dates are approximate death dates.  Clusters of bark and outer most ring dates on or prior 
to fire years indicate stand-replacing events.  Trees within this area appear to have a 
history of both surface and stand-replacing fires.     
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a b

Figure 6.  Photographs of two areas on Rincon Peak with evidence of a mixed-fire 
regime.  Both of these areas had evidence of surface fires recorded by fire scars on snags 
and logs apparently killed by a crown fire.  Since the stand-replacing fire south-facing 
aspects have been dominated by oak-shrub fields (a), while north-facing aspects have 
regenerated with even-aged forests (b).  
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Figure 7.  Multiple evidence of a stand-replacing fire in 1867 in stands just south of 
Rincon Peak in southeastern Arizona.  The evidence includes (1) fire scars recorded by 
two surviving trees (Figure 5), (2) a cluster of outer most rings just prior to 1867, and (3) 
even-aged ponderosa pine structure following the last fire in 1893.  RP18 and RP13 were 
two age structure plots located within fire history plots 13 and 18 in Figure 1.  Trees with 
outer most rings include two trees with bark dates (i.e., death-dates) of 1867 (Figure 5).   
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Figure 8.  Relationship between summer Palmer Drought Severity Index (PDSI; Cook et 
al. 1999) and relative fire extent in the Rincon Peak study area in southeastern Arizona.  
Diamonds = Widespread fires.  Circles = fire years that scarred points in the northern part 
of the study area.  Squares = fires years that scarred points in the southern part of the 
study area.  Prior to 1763 most widespread fires (i.e., fire years when ≥ 70% of points 
recorded a fire) occurred during drought years (negative PDSI) and smaller local fire 
years (i.e., fire years when ≤ 70% of points recorded a fire) occurred during more 
“normal” conditions.   
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Figure 9.  Pictorial description of vegetation surrounding the Rincon Peak study area in 
southeastern Arizona. (a) Steep walled canyons that support Arizona cypress along the 
canyon bottoms dominate the study area to the east.  (b) Pine forest (foreground) 
bordered by a steep-escarpment and manzanita chaparral (background) border the study 
area to the west.  (c) Dense pinyon-juniper, oak woodlands and cliff walls are found north 
of the study area (photos looking towards Rincon Peak).  (d) From the southern end of 
the study area the elevation gradually drops and the vegetation grades from forest to oak 
woodland and desert grassland (photo taken from Rincon Peak looking south).    
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Figure 10.  Semi-variogram of elevation variability between points at lag distances (i.e., 
every 100 meters) in two similar size (2900 ha) areas, Greater Rincon Peak and Santa 
Catalinas study Area (see Appendix A).  Semi-variance is calculated as γ(h) = (1/2N) 
Σ(Xi –Xi+h), where the semi-variance (γ) statistic is a comparison between the elevation at 
point (Xi) to the elevation at another point at a distance of h (Xi+h).  Semi-variance 
typically increases with increasing distance before reaching a plateau called a sill.  The 
“range” or distance, at which the sill is reached, represents the maximum distance that 
values are correlated.  In this case, the range for elevation values is the same between the 
two areas.  However the variability in elevation at similar lag distances is greater in the 
greater Rincon Peak area indicating this area has more rugged topography compared to 
the Santa Catalina study area.   
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Abstract 

 Tree age structure patterns in the “sky islands” of southeastern Arizona were 

historically episodic.  However the factors responsible for these patterns are not yet fully 

understood.  The objective of this study was to investigate the influence of fire history 

and moisture patterns on historical age structure patterns in southwestern ponderosa pine 

(Pinus ponderosa var. arizonica and var. scopulorum) forests.  To study these 

relationships, we sampled tree ages in two sites on Rincon Peak and another site on the 

Santa Catalina Mountains in southeastern Arizona.  In the Rincon Peak-north (RP-n) site 

two cohorts (1670s-1680s and 1770s-1780s) coincided with periods of reduced fire 

frequency.  These cohorts were absent on the Rincon Peak-south (RP-s) site where fire 

frequencies remained unchanged.  Both RP-n and RP-s had at least one cohort between 

the 1830s and 1850s, a period without landscape fires (i.e., fires that scarred ≥2 points) 

throughout the study area.  In the Santa Catalina site, a large cohort that established 

between 1800 and 1869, coincided with a period of reduced fire frequency.  Although 

some decadal cohorts coincided with favorable moisture conditions (based on summer 

Palmer Drought Severity Index) this was not universal.  Instead, tree cohorts consistently 

occurred during periods of reduced fire frequency.  Favorable moisture conditions are 

conducive for tree regeneration, however, our results indicate that reduced fire 

frequencies were historically necessary to promote cohort establishment.  These results 

suggests that prescribed fire used to control tree densities is consistent with historical 

processes and should be part of restoration and fuel reduction treatments in Southwest 

ponderosa pine forests. 
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Introduction 

Tree age and stand structure patterns are key components of sustainable forestry 

because they represent tangible forest properties that are related directly to ecological 

processes and they can be physically measured and altered (Alexander and Edminster 

1980).  Restoration and fuel reduction treatments in ponderosa pine (Pinus ponderosa 

var. arizonica and var. scopulorum) forests across Southwest forests are based on the idea 

that fire suppression in the last century has resulted in denser forests that are prone to 

stand-replacing fires and insect outbreaks (Covington and Moore 1994, Covington et al. 

1997).  Current management prescriptions seek to reduce the density of small trees to 

lower the risk of uncharacteristically severe fires and improve forest health (Moore et al. 

1999).  To evaluate current conditions and develop appropriate management prescriptions 

it is essential to understand how historical age structure patterns were influenced by 

ecological factors such as moisture and fire (Allen et al. 1999).   

 

Regeneration and tree establishment 

Successful ponderosa pine tree establishment depends on numerous factors 

including seed supplies, seedbed conditions, vegetative competition, seed predation, 

moisture and browsing (Schubert 1974).  In the Southwest forests good ponderosa pine 

seed crops typically occur approximately every 3-4 years (Schubert 1974) although lower 

amounts of seeds are produced during most years.  Once seeds reach the ground, they 

require exposed mineral soil (Sackett 1984) and adequate moisture to successfully 

germinate and develop roots.  After germination, seedling survival and development 
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depends on favorable moisture conditions, especially during the typically dry months of 

May and June (Barton 1993, Savage et al. 1996).  As seedlings grow to become saplings, 

their growth is negatively affected by shade (Pearson 1936) and grasses that may out-

compete seedlings for available moisture.  In the early stages of development, seedlings 

and saplings are vulnerable to a number of disturbances, including frost heaving, animal 

browsing, drought and fire-caused mortality (Schubert 1974).  After surviving several 

years, saplings develop deep roots, thick bark and other characteristics that make 

individual trees more tolerant to disturbances especially fire and drought and allow trees 

to become fully established (Barton 1993).   

In this study, “establishment dates” refer to approximate germination years of 

trees that developed the necessary characteristics for long-term persistence up to the 

present day in sampled forest stands.  Similarly, decades with higher than expected tree 

establishment are referred to as “cohorts” (i.e., groups of trees that are about the same age 

or within the same decade).  It is important to note that some trees that established in the 

past may no longer exist, for various reasons (e.g., decay, burned by fires etc.), and 

therefore, cannot be sampled.  Hence, the existing trees and those sampled, are only a 

fraction of all trees that established during a particular period.  As a consequence, the 

temporal distribution of tree ages is expected to reflect a declining proportion of trees 

with increasing time before the present that must be considered in tree age time series 

analysis (Veblen 1992).   
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Temporal moisture patterns and age cohorts 

Episodic ponderosa pine age structure (Weaver 1943, Cooper 1960) has been 

linked to both moisture and fire history patterns (Weaver 1951, Arno et al. 1995, Savage 

et al. 1996, Brown and Wu 2005).  In the first three decades of the 20th century, 

Southwest forests experienced unusually high rates of tree establishment (Pearson 1933, 

Mast et al. 1999).  This tree population irruption was due to a number of factors, 

including decreased grass competition because of increased livestock and sheep grazing.  

Seedling survival during this time also increased because of fire suppression and 

favorable moisture (Savage et al. 1996).  The importance of favorable moisture on 

ponderosa pine regeneration was exemplified by the “1919 cohort” that today dominates 

the pole-size diameter class in northern Arizona (Pearson 1933, Savage et al. 1996).  This 

age cohort was the result of a good seed crop in 1918 and unusually high precipitation in 

May of 1919 (Savage et al. 1996).  A similar link between climate and age cohorts in the 

20th century has also been documented in South American forests (Villalba and Veblen 

1997b), and elsewhere across the Southwest forests (Mast and Wolf 2004). 

 

Fire and age cohorts 

Historically in ponderosa pine forests, most seedlings and saplings were killed by 

frequent surface fires.  The importance of frequent fires as an ecological thinning 

mechanism was stressed by Weaver (1943).  Cooper (1960) further proposed that 

successful regeneration required “safe sites” where saplings were protected from fires 

and grass competition.  The importance of “safe sites” was re-emphasized by White 
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(1985) who believed these fine-scale patches were caused by intense spot fires that 

eliminated grass competition.  Although previous researchers have sampled age structure 

and fire history, the two data types have only been intensively sampled and analyzed in 

recent years.  In Montana, Arno et al. (1995) found that despite similar climate adjacent 

ponderosa pine age cohorts varied because of fire history differences.  In southeastern 

Arizona, Barton et al. (2001) did not find any clear pattern between moisture and age 

structure patterns.  However, they did find that age cohorts in the 19th century coincided 

with periods of reduced fire frequency.  Similarly, in Archuleta Mesa in southern 

Colorado, Brown and Wu (2005) found that at least two ponderosa pine age cohorts 

coincided with fire-free periods associated with climate changes.  Hence, historical age 

structure patterns have been linked to both moisture patterns and fire history, but further 

investigations across the Southwest forests are needed to understand the mechanisms 

responsible for historical ponderosa pine forest dynamics (Brown and Wu 2005).     

 

Determining the relative influence of favorable moisture and fire 

To determine the relative influence of a process like fire or climate on age 

structure patterns, it is essential to focus at the scale that these processes operate (Ricklefs 

1987).  For instance, climate has a strong regional influence on fire occurrence (Swetnam 

and Betancourt 1990).  However, at fine-scales some fire frequency variability is also due 

to local factors such as topography, fuel composition and landscape arrangement (Taylor 

and Skinner 1998, Taylor 2000, Beaty and Taylor 2001, Heyerdahl et al. 2001, Swetnam 

and Baisan 2001, Taylor and Skinner 2003 and see Appendix A and B).  To identify the 
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primary cause of cohort establishment we can compare age structure patterns between 

locations with different fire histories, but with similar temporal moisture patterns.  A key 

sampling strategy is to find landscapes with similar climates yet different fire 

frequencies.  Such “natural experiments” (Diamond 1986) exist in the sky islands of 

southeastern Arizona where isolated conifer forests experienced similar regional moisture 

patterns, but different fire histories between and within mountain ranges because of local 

topographic differences (see Appendix A and B). 

The fire histories from Rose Canyon in the Santa Catalina Mountains and Rincon 

Peak in the Rincon Mountains of southeastern Arizona are examples of natural 

experiments.  Within these two study areas (Figure 1), there are three sites with distinct 

fire history patterns: Rincon Peak-north (RP-n), Rincon Peak-south (RP-s) and Catalina 

Rose Canyon (CRC).  Between 1650 and 1763, fires spread throughout the Rincon Peak 

study area at intervals of 9-14 years.  However, between 1763 and 1819 no fires were 

recorded in RP-n.  After a widespread fire in 1819, landscape fires (i.e., fires recorded by 

≥ 2 plots) were notably absent both in RP-n and RP-s until 1867 (see Appendix B).  

Therefore, RP-n has at least two long fire intervals, while RP-s experienced only one.  

Fire intervals in the CRC site also varied between 1650 and 1900, but in general, all fire 

intervals were less than 20 years (see Appendix A).  Because of their close spatial 

proximity, all three sites have experienced a very similar broad-scale climate.  Therefore 

the differences in fire history provide a natural experiment to determine the relative 

influence of fire history and favorable moisture on historical age structure patterns.   
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Objectives 

The goal of this study was to investigate the influence of climate (e.g., drought 

variability) and fire history on age structure patterns under pre-settlement (i.e., prior to 

1900) conditions.  The objective was to compare age structure patterns with local fire 

histories and regional moisture patterns.  This research was intended to answer the 

following questions: (1) was tree establishment in the Santa Catalinas and Rincon Peak 

random or was there a temporal (or spatial) pattern? (2) If there were patterns, were they 

related to fire or moisture variability?  If regional moisture was a dominant factor we 

would expect temporal synchrony between age cohorts across sites.  That is, broad-scale 

moisture patterns should produce age cohorts during approximately the same time 

periods across most sites, regardless of local fire history differences.  If fire intervals 

were the dominant factor responsible for age cohorts then we would expect synchrony 

between age cohorts and local periods without fires or lower fire frequencies, but not 

necessarily synchronized with favorable moisture conditions.   

 

Methods 

Study Area 

 To assess the effects of fire history and moisture patterns on age structure, we 

selected two study areas within the sky islands of southeastern Arizona (Figure 1). The 

Rincon Peak study area is within Sahuaro National Park and the Rose Canyon site is 

within the Santa Catalina Ranger District, which is part of the Coronado National Forest.  

Access to Rincon Peak is restricted to trails, therefore, no timber harvesting has occurred, 
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but fires have been actively suppressed for at least the past century (Baisan and Swetnam 

1990, Appendix B).  The Santa Catalinas have experienced limited timber harvesting in 

the early to mid part of the 20th century to supply local home construction on the 

mountain hence the land area affected by timber harvesting was relatively low (Hensel 

2005).   

 These mountain ranges are within the Madrean Archipelago where coniferous 

“islands” are separated by low-elevation desert “seas”.  These ranges are a northern 

extension of the Sierra Madre Occidental of northwestern Mexico (Warshall 1995).  The 

Madrean Archipelago is located at the junction of four major biomes: the Sonoran and 

Chihuahuan deserts, and the Sierra Madre and Rocky Mountains (McLaughlin 1995).  

The region has a bimodal precipitation pattern.  In winter, high elevations (> 1,500 m) 

typically receive snow that falls as rain at lower elevations.  In summer, tropical moisture 

creates monsoonal weather that produce localized thunderstorms.  Annual precipitation 

varies from approximately 400 mm at 1,500 m to 780 mm at 2,500 m above sea level 

(Shreve 1919, Sellers et al. 1985). 

 The vertical relief and unique geographic position of these mountains combine to 

create a diverse mosaic of vegetation assemblages stratified along elevation/moisture 

gradients (Lowe 1961, Whittaker and Niering 1965, Niering and Lowe 1984).  Plant 

communities at higher elevations are closely related to the Cordilleran/Rocky Mountain 

floristic province (McLaughlin 1995).  The composition of the ponderosa pine belt 

studied here varies slightly with elevation.  At high elevations, mesic ponderosa pine 

forests also include: Douglas-fir (Pseudotsuga menziesii var. glauca Beissn. Franco), 
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southwestern white pine (Pinus strobiformis Engelm.), and Gambel oak (Quercus 

gambelii Nutt.), among other trees.  At mid-elevations, forests are closely related to the 

Madrean floristic province.  These communities are dominated by pine-oak forests that 

include ponderosa pine and Madrean evergreen oaks such as silverleaf oak (Quercus 

hypoleucoides A. Camus), Arizona white oak (Q. arizonica Sarg.) and netleaf oak (Q. 

rugosa Née).  Other communities that surround ponderosa pine stands in our study areas 

include chaparral communities dominated by oaks, juniper species (Juniperus spp.), 

pinyon pine (Pinus discolor Bailey and Hawksw) and pointleaf manzanita (Artostaphylos 

pungens K. Kunth). 

 The Rincon Peak and Santa Catalina study areas have distinct fire histories that 

are in part related to differences in topography, size and landscape fuel arrangements 

(Appendix A and B).  The topography within the Rincon Peak study area includes forests 

on moderate slopes.  However, the landscape that surround this study area is dominated 

by steep slopes vegetated by Arizona chaparral.  Therefore, it is likely that these 

surrounding communities and areas within the study area experienced stand replacing 

fires that served as fire barriers during certain time periods (Appendix B).  As a 

consequence of these complex fuel arrangements many forested areas in Rincon Peak 

experienced extended (e.g., ≥ 48 year) fire intervals.  In contrast, the Rose Canyon site in 

the Santa Catalinas study area has more moderate topography and continuous fuels 

(Appendix B).  This site was also larger so that ignitions were fairly frequent and fire 

spread was generally unimpeded.   
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 We delineated the boundary for each study area based on the pine forest 

distribution and major ridgelines.  In both study areas lower-elevation boundaries 

followed pine forest distribution because these species were the targeted population for 

both the age structure and fire history reconstructions.  We determined lateral boundaries 

using ridgelines that separated areas with distinct topographic features.  We delineated all 

boundaries using a combination of digital elevation maps (DEM), 1:24,000 topographic 

maps, digital orthophoto quarter quadrants and field reconnaissance.  The Santa Catalina 

study area was larger (1,800 hectares) than the Rincon Peak study area (310 hectares).  

We collected fire history and age structure samples using a aspect-stratified random 

sampling framework.  Using 30 meter DEMs, we stratified each study area into three 

aspect classes: North (300˚-360˚and 0˚-60˚), South-south-east (60˚-180˚) and South-

south-west (180˚-300˚).  We divided each study area into sampling units of equal size to 

ensure complete spatial coverage.  We then selected multiple points randomly from each 

sampling unit based on the unit size and available stands.  Overall we sampled a total of 

20 plots in each study area (see Appendices A and B for more details).  

 

Field Methods 

Using global positioning systems, we located each plot to within 10 meters.  To 

sample age structure patterns, we laid out 0.1-hectare plots and measured all trees ≥ 10 

cm diameter at breast height.  Within these circular plots, we cored the 5 to 6 largest 

trees.  In the Rincon Peak study area we supplemented the original age structure plots 

with 6 additional plots of 20 to 25 trees each.  We located these additional plots adjacent 
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to the 0.1 hectare plots.  In the Santa Catalina Mountains study area we supplemented the 

initial age structure plots with 4 additional plots of 60 trees each, sampled using similar 

methods (Chris Baisan personal communication).  At each age structure plots, we took 

cores from trees that appeared to have established prior to 1900.  These trees usually had 

yellow bark and/or large branches.  We also cored some smaller trees to determine if the 

visual estimates of ages were generally correct.  Cores were taken as low to the ground as 

possible, by angling the increment borer downward and/or coring on the downhill side.  

For each core we noted tree species, coring height and plot numbers.   

At each of the selected plots we collected fire-scar samples within 2 hectare 

circular plots.  We first located all fire-scarred trees within the plot, and then collected 2-

9 of best-preserved samples.  We used chainsaws to collect fire-scar samples, cutting full 

or partial cross-sections (Arno and Sneck 1977).  Additional fire history sampling 

methods are described in Appendix A and B.  When sampling fire-scarred trees, we made 

an effort to include the pith date.  We used pith dates from fire-scarred trees to 

supplement age structure data and ensure older cohorts were well represented in the 

Rincon Peak study area which had the least number of sample cores.   

 

Lab Methods 

Fire-scarred samples and tree cores were cataloged, sanded and dated.  Each 

sample was dried for at least a week, and then progressively sanded to a high polish.  We 

dated samples using dendrochronological techniques (Stokes and Smiley 1968) to assign 

each fire scar and pith date a calendar year.  If possible, we estimated missing piths by 
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overlying concentric circle transparences to match the curvature of the inner-most rings 

(Liu 1986).  We only used estimated pith dates when the estimated pith date was within 

20 years of the inner-most rings.   

We corrected pith dates for the number of years it took to the reach coring height 

(Villalba and Veblen 1997a).  For each core, we estimated the establishment dates (year 

of germination) by adjusting the pith date according to the vertical coring height and 

horizontal growth rate of the inner-most rings.  We based out adjustments on the average 

vertical growth rates of seedlings and saplings harvested in the Santa Catalina Mountains.  

For example, on average fast growing trees (5-15 rings per inch) took 2 year to reach a 

vertical height of 20 cm whereas slow growing trees (30+ rings per inch) took 5 years.  

Therefore if a core was taken at 20 cm and the tree showed fast growth (5-15 rings per 

inch), establishment dates were estimated 2 years prior to the pith date.  Most trees were 

growing fast and cores were taken fairly close to the ground, hence corrections were 

typically 2-4 years. 

 

Analysis 

 For this study we identified tree age cohorts by comparing observed and expected 

tree establishment frequencies through time.  We first aggregated annual establishment 

dates into decadal age classes to reflect correction factors and assess long-term processes.  

At each site, we determined the expected tree establishment frequency per decade by a 

two step process.  First, we adjusted the expected frequency to reflect the fading record of 

available samples back in time.  To make this adjustment we fitted the observed 
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frequency (within the period of analysis) with an exponential model.  We assumed the 

exponential model reflected the decreasing number of individuals in older age classes that 

would be expected due to a constant rate of mortality.  For the second step we used the 

exponential model to predict the expected frequency per decade on each site.  We also 

calculated the standard deviation of the expected frequency and used it to identify 

cohorts.  That is, we identified a cohort or age peak when the observed frequency in a 

decade was at least one standard deviation greater than the expected frequency. 

 To conduct fire interval calculations we aggregated all trees within a fire history 

plot to build a plot composite (Dieterich 1980).  Within a plot, a fire year was identified 

when a fire was recorded by at least one tree in that plot.  We graphed the fire chronology 

for each plot using the fire history program FHX2 (Grissino-Mayer 2001).  We then 

visually examined the graphs to identify possible associations between age cohorts and 

long fire-free periods and/or changes in fire frequency.  Within the CRC site, we 

identified landscape fire years when two or more plots recorded a fire.  Landscape fire 

frequency was graphed through time using a 20-year moving window.   

 We compared age structure patterns to climate conditions using tree-ring 

reconstructed summer (July and August) Palmer Drought Severity Index (PDSI) based on 

grid point 105 in southeastern Arizona (Cook et al. 1999).  For each decade, we 

calculated the average PDSI, number of years with positive (wet) values, maximum 

number of consecutive years with positive PDSI values and the number of years with 

PDSI values greater than 1.0. 
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Results 

 Overall we determined tree establishment dates for a total of 607 trees; 499 (82%) 

were ponderosa pine and the rest were either Southwestern white pine or Douglas-fir 

(Table 1).  Although there were some older trees, the analysis was only conducted for the 

period between 1650 and 1900 because (1) few fire-scarred or cored trees pre-dated 1650 

and (2) the objectives of this study were to focus on establishment patterns under a pre-

settlement fire regime.  Therefore we restricted our analysis to pre-1900 due to human-

induced fire suppression after this time (see Appendix A and B).  Between 1650 and 1900 

the Catalina Rose Canyon (CRC) site had the highest sampling frequency (285 trees) and 

almost all (96%) were ponderosa pine (Table 1).  The Rincon Peak-north (RP-n) site had 

125 trees and 85 of them were ponderosa pine, along with 19 and 21, southwestern white 

pine and Douglas-fir trees, respectively.  Similarly, the Rincon Peak-south (RP-s) site had 

103 trees and most (85) were ponderosa pine (Table 1).   

 

An overview of temporal and spatial tree establishment patterns 

 The RP-n site had four tree distinct cohorts that established in six decades (Figure 

2a).  Between 1650 and 1750, tree establishment was low and episodic with a cohort 

composed of two decades, the 1670s and 1680s (Figure 2a).  The second cohort occurred 

during the 1770s and 1780s, while the third and fourth cohort occurred during the 1810s 

and 1830s, respectively.  The RP-s had two cohorts spanning four decades (Figure 2c).  

The first cohort occurred in the 1830s, 40s, and 50s, while the second cohort included 

only the 1880s.  In CRC, at least one tree was found to have established in every decade 
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between 1650 and 1900 (Figure 3a).  Based on our criteria, the CRC site had an old 

cohort in the 1650s and a larger cohort that included seven decades from 1800 to 1869.   

 

Cohorts in the Rincon Peak study area 

 The oldest cohort in the Rincon Peak study area was found in RP-n during the 

1670s and 1680s decades (Figure 2a).  The 1670s were relatively dry (Table 1), but the 

1680s were not as dry.  In fact, 7 of the 10 years in the 1680s had positive (wet) PDSI 

values (Table 1).  Regardless of moisture differences a similar number of trees 

established during these two decades in RP-n.  However, the 1670s-1680s cohort was 

found exclusively in RP-n.  This exclusivity and the fire history differences between RP-

n and RP-s indicate that this cohort may have been fire related.  For example, the 1684-

fire was recorded in both RP-n and RP-s, but fire was more widespread in RP-s.  

Similarly the RP-s site experienced a fire in 1691 that was not recorded in RP-n (Figure 

2b and d).  Hence, apparently trees that regenerated between 1670 and 1689 in RP-n 

experienced fewer fires and therefore had higher rates of establishment compared to RP-s 

(Figure 2a).  However, the RP-n site is predominantly north facing which could have also 

affected tree establishment particularly during dry decades.           

 Regional climate in the latter half of the 18th century was relatively dry (Figure 

2e), especially during the 1770s and 1780s.  There were only 5 years with positive PDSI 

values between 1770 and 1789, although twice these dry years occurred consecutively 

(Table 1), in 1770-71 and 1783-84.  Although regional moisture conditions were not 

ideal, trees were still able to establish.  A cohort during the 1770s and 1780s was found in 



 161

the Rincon Peak study area, but only within the RP-n site.  The 1770s-1780s cohort in 

RP-n, occurred during an unusually long period without widespread fires at this site 

between 1763 and 1819.  During this period, a fire in 1775 scarred trees within 57% of 

recording plots in RP-s, but only 22% in RP-n (Figure 2b).  Similarly, fires in 1786, 1798 

and 1806 probably restricted tree establishment on RP-s (Figure 2d), but the lack of fire 

spread into RP-n allowed a tree cohort to establish (Figure 2a and c).  However, it is 

possible that the 1770s-1780s cohort was found exclusively in RP-n because of the 

slightly more mesic conditions of this site compared to RP-s.  The 1810s cohort in RP-n 

also occurred during a fire-gap (1763-1819).  However, during the 1810s, 6 of 10 years 

had positive PDSI values greater than 1 (Table 1), indicating favorable conditions for 

regeneration.   

 The 1830s was the only decade in which all sites had a peak of tree establishment 

(Figure 2 and 3).  In the Rincon Peak study area, this decade of favorable moisture (Table 

1) also coincided with the mountain-wide fire hiatus between 1819 and 1867 when no 

landscape fires (i.e., fires that scarred ≥2 plots) were recorded (Figure 2b and c).  After 

the 1830s, ponderosa pine establishment declined in RP-n, while Douglas-fir and 

southwestern white pine frequency increased (Figure 2a).  This pattern suggests that by 

the 1840s, the forest in the RP-n site may have developed a closed canopy that restricted 

the establishment of shade intolerant ponderosa pine.   

 In RP-s, the 1830s was the first of a three-decade cohort that coincided with both 

wet conditions and an absence of fire.  For example, 9 of 10 years in the 1830s had 

positive PDSI and 6 of those were above the index value of 1.0 (Table 1).  Similarly, half 
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of the years in the 1840s and 1850s had positive PDSI values.  However, as mentioned 

previously, these three decades were also synchronous with a lack of landscape fires (i.e., 

fires that scarred ≥2 plots) in the Rincon Peak study area.  Although three fires were 

recorded between 1819 and 1867, all three scarred only one plot implying these were 

relatively small fires that did not appear to decrease tree establishment (Figure 2e).  

Similarly, a cohort found in RP-s in the 1880s also occurred during a period when a fire 

was recorded by only one plot (Figure 2e). 

 

Age cohorts in the Catalina Rose Canyon site 

 The 1650s cohort in CRC was the earliest cohort found in any of the three sites 

(Figure 3a).  It was difficult to determine the influence of fire frequency on the 

establishment of this cohort because few trees were able to record fires at this time 

(Figure 3b).  However, PDSI values indicate slightly droughty moisture conditions during 

the 1650s, although 4 of 10 years had positive PDSI values (Table 1).  The CRC site also 

had a larger cohort that included seven decades from the 1800s through the 1860s (Figure 

3a).  During this time, moisture patterns were variables with periods of drought from 

1818 to 1821, and more favorable moisture conditions in the 1810s, 1830s and 1850s 

(Table 1 and Figure 3c).  The large cohort in CRC coincided with a general reduction in 

landscape fires (i.e., fires that scarred ≥ 2 plots) from 4-6 fires per 20-years prior to 1800 

to as little as 2 landscape fires per 20-years between 1830 and 1860 (Figure 3c).  During 

this time period two of the longest landscape fire intervals at this site were recorded, 

1836-1851 and 1857-1870 (Figure 3b). 
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Discussion 

Temporal age structure patterns and PDSI  

 Tree regeneration is determined by seasonal to annual moisture patterns, 

especially in dry Southwest ponderosa pine forests.  Here seasonal drought during the 

pre-monsoon months of May and June can cause mortality of young seedlings without 

well-developed roots (Schubert 1974, Barton 1993).  Some (Savage et al. 1996, Schubert 

1974) have suggested that ponderosa pine seedlings need at least two consecutive years 

of above average moisture to develop a root system and survive subsequent droughts.  

Based on tree-ring drought reconstructions, consecutive year with positive (wet) PDSI 

values occurred in all but one decade (1730s) between 1650 and 1900.  Similarly, in 

CRC, at least one tree established in every decade between 1650 and 1900, and on 

Rincon Peak at least one tree established in 22 of the 25 decades.  This pattern of 

consistent favorable moisture conditions almost every decade indicates that at decadal 

scales, regional moisture patterns did not limit tree establishment.   

 

Age structure patterns and fire frequency 

 The majority of historical fires in ponderosa pine forests were surface fires that 

were not lethal to mature established trees (Swetnam and Baisan 1996, 2003).  However, 

repeated surface fires very likely killed many young seedlings and saplings that had not 

yet developed fire tolerant characteristics like a thick bark and elevated canopy (Barton 

1993).  Therefore more frequent fires resulted in less tree establishment and less frequent 

fires resulted in more tree establishment.  This inverse relationship between fire 
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frequency and number of trees established appears to be the primary determining factor 

of historical tree age structure pattern in both of our study areas.  For example, all cohorts 

observed in this study occurred during periods when that particular site experienced a 

reduction in fire frequency or no widespread fires at all.  Some of these recruitment 

events were synchronous between sites, particularly some of the decades between 1810 

and 1859.  However, others cohorts like the1670s-1680s and 1770s-1780s in RP-n and 

the 1880s cohorts in RP-s were not synchronous between sites, yet they did coincide to 

local reductions in fire frequency.  This highlights the significance of fire as a thinning 

agent and the importance of fire intervals for successful cohort establishment, whether 

caused by climate or local factors (see Appendix B).   

 The tree establishment mechanism responsible for age structure patterns appears 

to be the same across the region, that is, cohorts appear to have established during periods 

of reduced fire frequency (Brown and Wu 2005).  However, the fire regime in Rincon 

Peak was characterized by long intervals which may have included patches of stand-

replacing fires (e.g., 1867).  Areas that experienced stand-replacing fire in 1867 did not 

regenerate until the early 1900s, probably because tree establishment was delayed by 

fires in 1879 and 1893, or a lack of seed source (see Appendix B).  The 1770s-1780s 

cohorts in RP-n could also be related to a stand-replacing fire in 1763.  This stand 

replacing fire may have fragmented fuel connectivity between RP-n and RP-s that 

resulted in the fire history differences observed between the two sites from 1763 to 1819 

(see Appendix B).   However, it is also important to note that some trees in RP-n that 

established prior to 1763 survived this fire, which indicates the 1763 fire burned both at 
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low and high severities in different places.  Similar age structure patterns have been 

documented in ponderosa pine forests with mixed-fire regimes in Colorado where age 

peaks appear to follow stand-replacing fires (Kaufmann et al. 2000, Huckaby et al. 2001).   

 

Climate-fire frequency-age structure relationship 

 Although moisture patterns do not appear to have consistently restricted tree 

establishment at decadal scales, climate apparently did influence age structure patterns 

during particular episodes.  In this study, all three sites had at least one decade of 

significant tree establishment between 1810 and 1859.  Other ponderosa pine sites across 

the Southwest also had a general establishment peak around this time (Brown and Wu 

2005, Mast et al. 1999, Barton et al. 2001).  The first half of the 19th century included one 

of the wettest periods in our analysis.  For example, the period 1837 to 1846 is the second 

wettest 10-year period in the Southwest in the past 1,000 years (Ni et al. 2002).  

However, it is important to note that this regional cohort in the early to mid 19th century 

occurred during a period of low fire frequency at many sites across the Southwest region 

(Swetnam and Betancourt 1998, Grissino-Mayer and Swetnam 2000).  At this time a 

reduction in the amplitude or frequency of El Niño Southern Oscillation (ENSO) may 

have caused a reduction in fire frequency that facilitated synchronous cohorts across 

Southwest forests (Brown and Wu 2005).   
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Management Implications 

 In Southwest ponderosa pine forests, fire is a keystone process because it creates 

conditions favorable for regeneration by exposing mineral soil and recycling nutrients 

(Sackett 1984).  Similarly, fire kills regenerating trees, and reduced fire frequency 

periods promote cohort establishment that ultimately determine tree age distributions and 

stand structure patterns.  Numerous restoration projects across the Southwest aimed at 

reducing forest densities via mechanical treatments have either taken place or are planned 

for the near future.  Similarly, many forests across the region have recently experienced 

wildfires burning as crown and surface fires.  Where surface fires have recently occurred, 

fuel loads have been reduced and some forest restoration goals have been at least partly 

achieved.  In areas thinned either mechanically or by recent fires (Savage and Mast 

2005), subsequent restoration of frequent surface fires as a natural thinning mechanism 

would be financially beneficial and consistent with the historical role of fire.  That is, 

future prescribed fires at various intervals will be required to maintain low tree densities, 

mitigate high severity fires and promote more sustainable forests (Finney et al 2005, Age 

and Skinner 2005).   

On the other hand, if managers elect to continue suppressing fires, some areas 

where densities have been reduced by wildfire will eventually regenerate, creating high 

fuel loads and un-sustainable forest conditions (Finney et al 2005, Savage and Mast 

2005).  Forest fires are inevitable in the Southwest, but the problem is that fire 

suppression has changed fire regimes in many areas from one of historically frequent 

fires to infrequent mixed-severity fires with large stand-replacing patches.  Given the 
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importance of fire in forest ecosystems, efforts should be made to reintroduce fire to 

areas that historically experienced frequent surface fires, but have been without fire for 

the last century.  This is especially important in designated wilderness areas and National 

Parks (like Rincon Peak) which are mandated to maintain natural processes such as fire. 

 

Conclusions 

To distinguish between the effects of fire and moisture patterns on age structure it 

is necessary to conduct historical ecological studies on multiple spatial scales.  Often age 

structure is analyzed on a per plot basis (White 1985, Savage et al. 1996, Arno et al. 

1995), however at fine spatial scales it is often difficult to detect the influence of climate 

because so many local variables could have affected regeneration patterns.  By 

aggregating plots, Brown and Wu (2005) were able to uncover a more defined pattern 

between age structure cohorts, climate and fire history.  By further aggregating at even 

broader scales it is now possible to combine age structure and fire history from multiple 

sites across the Southwest.  Based on such a comparison it is apparent that cohorts 

historically were produced by changes in fire frequency (Brown and Wu 2005, Mast et al. 

1999, Barton et al. 2001).  Moreover, fire frequency changes were historically associated 

with both climatic and local factors.  Therefore, some cohorts, (e.g., the early 19th century 

cohort) were probably facilitated indirectly by climate variability (i.e., ENSO patterns) 

and thus synchronized over larger areas.  However, other cohorts were likely caused by 

more local changes in fire frequency, (e.g., the 1770s-80s cohort in Rincon Peak).  The 

importance of fire as a regulator of tree establishment highlights the need to use 
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prescribed fires at appropriate intervals as part of the forest restoration and fuel reduction 

processes. 
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Tables 
 
 
 
Table 1.  Number of tree establishment dates listed by species and 
study site in the Rincon Peak and Santa Catalina study areas in 
southeastern Arizona.  The Rincon Peak study area included the 
Rincon Peak-north (RP-n) and Rincon Peak-south (RP-s) sites while 
the Santa Catalina study area included the Catalina Rose Canyon 
(CRC) site. 
All RP-n RP-s CRC Total 
Pinus ponderosa 97 113 289 499 
Pinus strobiformis 29 18 7 54 
Pseudotsuga menziesii 24 8 22 54 
total 150 139 318 607 
youngest 1932 1926 1946  
oldest 1485 1378 1646  
     
1650-1900 (period of analysis)     
Pinus ponderosa 85 86 275 446 
Pinus strobiformis 19 12 3 34 
Pseudotsuga menziesii 21 5 7 33 
total 125 103 285 513 
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Table 2.  Summary moisture conditions for decades of tree cohorts establishment in 
the Rincon Peak and Santa Catalina study areas in southeastern Arizona.  Moisture 
conditions were based on summer (July-August) Palmer Drought Severity Index 
(PDSI) values reconstructed from tree-ring chronologies for grid point 105 in 
southeastern Arizona (Cook et al. 1999).  In general, positive PDSI values suggest 
wet condition, and negative values indicate drought conditions.    

First year 
of decade 

# of sites 
with cohort 

Avg 
PDSI

# of positive 
PDSI years 

Max # of years 
with consecutive 

positive PDSI 
# of year with 

PDSI > 1 
1650 1 -0.24 4 2 1 
1670 1 -0.66 3 2 0 
1680 1 0.27 7 4 4 
1770 1 -0.91 2 2 1 
1780 1 -0.54 3 2 2 
1800 1 -0.55 3 0 1 
1810 2 0.17 6 4 3 
1820 1 -0.73 4 4 1 
1830 3 0.97 9 6 6 
1840 2 -0.39 5 3 3 
1850 2 0.49 5 2 3 
1860 1 -0.28 4 4 4 
1880 1 -0.35 5 2 2 
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Figure 1.  Age structure study areas located within Rincon Peak and Santa Catalina 
Mountains in southeastern Arizona.  The two study areas were separated into three sites 
Rincon Peak-north, Rincon Peak-south and Catalina Rose Canyon.  Plot locations are 
shown in each of the study area as black dots along with 40-meter contour lines.   
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(Caption on next page) 
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Figure 2.  Age structure, fire history and summer PDSI reconstructions for two sites in 
Rincon Peak study area.  Cohorts (highlighted) were identified when tree establishment 
per decade was one standard deviation above the expected mean.  The Rincon Peak-north 
age structure (a) and fire history (b) reconstructions indicate cohorts established during 
periods of reduced fire frequencies.  Similarly, the Rincon Peak-south age structure (c) 
and fire history (d) indicate cohorts were synchronized with a lack of fires.  Composite 
fire chronologies for individual fire history plots are shown as horizontal lines and 
vertical dashes represent a recorded fire event.  Fire history plot numbers correspond to 
locations in Figure 1.  Landscape fire years (i.e., fires that scarred ≥2 plots) are provided 
along bottom of the fire history graphs.  Moisture patterns (e) represent summer (July-
August) Palmer Drought Severity Index (PDSI).   
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Figure 3.  Age structure, plot fire history, landscape fire frequency and summer (July-
August) Palmer Drought Severity Index (PDSI) reconstruction for Rose Canyon in the 
Santa Catalina Mountains in southeastern Arizona.  Cohorts (highlighted) were identified 
when tree establishment per decade (a) was one standard deviation above the expected 
mean.  Composite fire chronologies were composed from multiple trees within each fire 
history plot (b) and are shown as horizontal lines and with vertical dashes representing a 
recorded fire event.  Twenty-year running averages were calculated for (c) landscape fire 
years (i.e., fires that scarred ≥2 plots) and (d) PDSI values.    
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