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ABSTRACT 

 

In the past few decades, wildfires have increased in size and severity in the Southwest 

and across the western US.  These recent trends in fire behavior are a drastic change in 

arid, ponderosa pine and mixed conifer forests of the Southwest compared with tree-ring 

records of fire history for the past ~ 400 years.  Forest ecosystems with frequent, low-

severity surface fires have transitioned to severe fire behavior over the past century, 

influenced by a combination of land-use impacts and recent climate change.  There is a 

need for improved understanding of fire-climate associations over the late Holocene, 

which can help land managers to justify forest treatments aimed to mitigate fire severity 

in a future of projected warmer and drier climate conditions.   

 

This study presents a late Holocene record (~ 3,000 years) of fire history and related 

changes in fire regimes with climate variability over annual to multi-decadal time scales.  

Tree-ring and alluvial-sediment sampling sites were paired in four small, tributary basins 

located in the western San Juan Mountains of Colorado.  In our study sites, tree-ring 

records show that fire return intervals were longer and fire behavior was more severe on 

the north-facing slopes with relatively dense mixed conifer stands.  Increased fire barriers 

and steep topography decreased the fire frequency and extent relative to gentle terrain 

elsewhere in the range and leading to a lack of synchrony among fire years in different 

parts of the study area. This confirms research conducted elsewhere in the San Juan 

Mountains, which suggested that fires were partially influenced by local-scale 

topography.  This study also suggests that local topography may have an overall greater 
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influence on site-level fire regimes than factors such as climate variability, except during 

the most extreme drought years in the region.   

 

Our San Juan alluvial-sediment record showed four peaks in high-severity fire activity 

over the past 3,000 years ranging between 200 – 400 years in length.  The timing of 

peaks coincided with decadal-length drought episodes and were often preceded by 

multiple decades of above average winter precipitation.  The pattern of multi-decadal 

scale climate variability was likely partially influenced by the Pacific Decadal 

Oscillation, as reconstructed using tree-ring width chronologies (Macdonald and Case 

2005).  Furthermore, the fire-climate associations were not consistent among all peaks 

suggesting an additional influence of local-scale topographic factors on fire activity.  One 

prominent peak occurred during the Medieval Climate Anomaly (MCA, 900 – 1300 AD) 

and corresponded with increased fire activity in several alluvial-sediment and lake-

sediment records from other studies conducted in the region and western US (Meyer et 

al. 1995; Pierce et al. 2004; Frechette and Meyer 2009; Jenkins et al. 2011; Fitch 2012; 

Marlon et al. 2012; Weppner et al. 2013).  During the MCA, fire regimes across the 

western US may have been influenced by large-scale trends in temperature and drought 

(Swetnam 1993; Cook et al. 2004; Swetnam et al. 2009; Trouet et al. 2013). 

 

Finally, the sampling of alluvial-sediment and tree-ring data allowed for site-level 

comparisons between recent alluvial deposits and specific fire years interpreted from the 

tree-ring records.  Three alluvial-sediment deposits were compared with fire size and 

severity estimates based on tree-ring methods.  The correspondence between the 
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estimates of fire severity and extent developed from each proxy method were tested with 

an empirical debris flow probability model (Cannon et al. 2010).  An initial step was to 

evaluate how well the debris flow probability model predicted the actual geomorphic 

responses following a recent wildfire in the study area using design-storm rainfall inputs.  

Following this, we used the probability model to evaluate whether it would be possible to 

generate debris flows from contributing areas with a low proportion of high-severity fire 

combined with relatively extreme rainfall conditions (i.e. greater intensity for a 1 hour 

storm).   

 

The debris flow probability model worked well with design-storm rainfall to predict the 

actual geomorphic responses following a recent wildfire.  In the sensitivity analysis, the 

model was more sensitive to the proportion of basin burned at moderate-high severity 

compared with any other parameter in the model.  Therefore, it is not likely for a debris 

flow to occur in a basin with less than 50% moderate-high severity burned area, even 

given a high-intensity storm lasting 1 hour.  Following this, we found good 

correspondence between the type of fire-related sediment deposit (i.e. geomorphic 

response) in the alluvial record and the extent of mixed and high-severity fire estimated 

from the tree-ring record, and the correspondence was well-supported by the debris flow 

probability model results.  Good correspondence between the interpretations from both 

proxy methods indicated that alluvial-sediment methods provide a substantial and 

reasonable basis for interpretations of past fire activity.  The two paleofire data types and 

methods (i.e., tree-rings and alluvial deposits) encompass different temporal resolutions 

and temporal length.  They also tend to represent particular components of the historical 
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fire regime, with alluvial-sediments biased towards infrequent, high-severity events 

during recent millennia, and the tree-ring record biased toward lower severity fires during 

recent centuries.  The combined analyses of different paleofire proxy types in the same 

study sites, therefore, can enhance and expand our interpretations and understanding of 

fire and climate history beyond what is possible with either proxy alone.    
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CHAPTER 1- INTRODUCTION 

 

1.1 Statement of problem: 

 

There has been an increase in the frequency and size of wildfires across the western US 

in recent decades (Running 2006).  At the scale of the western US, this increase in fire 

activity has been associated with earlier snowmelt and warmer summer temperatures 

(Westerling et al. 2006).  Regional-scale studies have also shown that the total area 

burned has increased over the past few decades with slight increases in the proportion of 

high-severity burned area (Holden et al. 2007; Miller et al. 2008).  In these studies, the 

total area burned exhibited high interannual variability, which was well-correlated with 

different metrics of precipitation, streamflow and temperature (Holden et al. 2007, 2012; 

Williams et al. 2010).   In the Southwestern U.S., the increase in total area burned has 

been linked with extreme winter drought resulting from warming temperatures and 

increased vapor pressure deficit, especially in the past decade (Williams et al. 2010, 

2013).  Furthermore, individual fire size has increased dramatically in recent years, and 

the most significant change has been the maximum patch size of high-severity burned 

area (Miller et al. 2008; Andrea Thode, personal communication).  For example, in the 

recent Las Conchas fire in northern New Mexico, high-severity patches exceeded 1000 

ha (10 km2), resulting in very large expanses of complete tree mortality, along with 

consumption of litter, duff and understory fuels (Williams et al. 2013).   
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In ponderosa pine and mixed-conifer ecosystems of the Southwest, the recent fire 

behavior indicates a drastic shift in fire severity when compared with historical fire 

regimes (Swetnam and Baisan 1996; Allen et al. 2002) .  Tree-ring records and 

documentary sources from the Southwest show that prior to the 20th century, frequent, 

low-severity surface fires burned in the understory of open forests.  At longer intervals, 

small patches of high-severity fire occasionally burned in the relatively dense and mesic 

pine dominant and mixed conifer forests on the north-facing slopes, though rarely 

exceeding a few hectares (e.g., Iniguez et al. 2009). High-severity fires of larger patch 

sizes (i.e., between 200 and 500 ha) occurred in higher elevation spruce and fir forests in 

the Southwest (Margolis et al. 2011).  Following Euro-American settlement in the region 

at the end of the 1800’s, grazing practices and fire suppression limited surface fires from 

spreading in almost all low to mid-elevation (i.e., 2000 - 2700 m) conifer forests where 

they had previously burned at intervals of less 20 years (Swetnam and Baisan 1996, 

2003).  As a result, the absence of nearly all fire activity greatly increased stand densities 

over the past century, leading to increased fire severity today (Fulé et al. 1997, 2014).   

 

There is a strong association of total area burned with extreme drought and warming 

conditions in recent years across the Southwest (Williams et al., 2010, 2013), although 

the trends in burn severity suggest an additional influence of land-use history.  Given the 

combined impacts of climate and land-use history on recent fire behavior, researchers are 

concerned with how to prepare for a future with continued extreme fire behavior and 

impacts. Future climate scenarios indicate a high probability of severe multi-decadal 

droughts and warmer temperatures for the Southwest over the next century as a 
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consequence of rising anthropogenic greenhouse gases (Seager et al. 2007).  In response 

to these projected climate changes, forest restoration treatments (i.e. thinning, prescribed 

burning) have been proposed (and are underway) to reduce stand densities mostly along 

the wildland-urban interface (Allen et al. 2002; Stephens et al. 2013).  Such treatments 

require continued justification of their value and necessity, which has prompted 

additional research into better understanding historical fire regimes.  Research questions 

surrounding this issue include:  

(1) Were fires as large and severe over the late Holocene, and how were these fires 

related to climate variability? 

(2) Will the size and severity of future fires continue to grow in the coming decades?  

(3) Can forest treatments be effective at reducing fire severity with climate change?  

 

Analysis of historical fire-climate associations can help answer the questions outlined 

above, if performed over a time period when climate conditions were similar to the 

predicted climate scenarios.  For example, the Medieval Climate Anomaly (MCA, 900 to 

1300 AD) was a period with multi-decadal droughts and overall warmer temperatures 

across the western US (Cook et al. 2004).  The current drought has been one of the most 

severe events since the turn of the century in the Southwest, however, it is not yet 

considered longer or more severe than drought episodes of the past two millennia 

(Routson et al. 2011; Williams et al. 2013).  Therefore, examining fire regimes during the 

MCA and other severe drought episodes can provide increased knowledge on how fire 

regimes will respond to similar drought conditions in the future.  Ultimately, the potential 

of continued warming and drying in the Southwest underscores the compelling and 
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urgent need to improve our understanding of past, present and future fire regimes, and to 

apply forest treatments (i.e., thinning and prescribed burning) in order to increase forest 

resilience under changing climates.   

 

1.2 Background 

 

Fire history research aims to reconstruct fire regimes over a range of temporal and spatial 

scales.  Fire regimes are defined by the frequency, size, severity and seasonality of fire 

events for an ecosystem.  Fire histories are often used to analyze fire-climate 

associations, which can be evaluated at a range of spatial or temporal scales.  One 

important example from tree-ring research is the association of regionally-synchronous 

surface fires with wet climate conditions for two to three years prior to the fire year.  This 

association is strongest in lower-elevation ponderosa pine forests, which were historically 

limited by a lack of sufficient understory fuels.  The wet conditions increased fine fuels 

on the forest floor, which then promoted extensive surface fires, especially during 

extreme drought years.  The interannual switching of wet to dry conditions is commonly 

associated with the ENSO cycle, and this linkage can help with planning fire-fighting 

resources in advance of the fire season (Swetnam and Betancourt 1998).   

 

There are four major methods of fire history research, and each method has different 

strengths and weaknesses.  Daily to annual fire history records can be retreived from 

documentary records of the 20th century, and seasonal to annual resolution records of past 

fires can be determined from fire-scar and age-structure data derived from tree-rings.  
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These records have high spatial and temporal precision, and can show seasonal to inter-

annual variability in fire occurrence, severity and extent.  Fire-scarred trees are typically 

the highest temporal resolution record available of past surface fires spanning centuries 

and have illustrated the dominant role of fire in many forest types, especially low to mid-

elevation conifer forests in arid and semi-arid regions (Swetnam and Baisan 1996, 2003; 

Falk et al. 2011).  Large networks of fire-scarred trees have been used to analyze local to 

regional and hemispheric-scale climate influences on fire synchrony among hundreds of 

sites over the past few centuries (Kitzberger et al. 2007).   

 

Over longer time scales, fire histories covering the Holocene (past 10,000 years to 

present) can be interpreted from charcoal deposited in lakes/bogs/meadows and contained 

within sediment deposits on alluvial fans (Whitlock and Anderson 2003; Pierce and 

Meyer 2008).  Alluvial-sediment methods document wildfires occurring within the 

contributing area of small tributary basins.  The size and severity of these fire events are 

interpreted from the characteristics of sediment deposits in an alluvial fan exposure.  Data 

from multiple alluvial fans across a study area are composited to show trends in the fire 

frequency and severity over several thousand years.  Charcoal fragments found within a 

lake-sediment core show trends in regional fire activity over millennial time scales.  

These records are valuable for analyzing centennial-scale trends in fire and climate, 

although fire size and severity is difficult to infer from this method.  Charcoal represents 

a mix of material from fire events within the same basin as the lake, as well as from 

distant fires within a region, making it difficult to determine the size or severity of 

individual fire events.  Therefore, fire history records from lake sediments tends to focus 
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on centennial-scale trends in fire frequency and these are commonly compared with 

changes in forest composition from the same lake-sediment cores.  Overall, both of these 

millennial-length proxy records can be used to understand the influence of climatic 

periods such as the Medieval Climate Anomaly or Little Ice Age (~ 1300 to 1850 AD) on 

historical fire regimes (Pierce and Meyer 2008; Marlon et al. 2012).   This longer-term 

perspective is essential for understanding the context of recent changes by establishing a 

more comprehensive basis for assessing the rarity and relative magnitude of extreme 

events. 

 

1.3 Study Area: San Juan Mountains, Colorado, USA 

 

The setting for this study is the western San Juan Mountains of southwestern Colorado, 

where erosion following a recent wildfire provided the opportunity to sample alluvial-

sediment data from deeply incised stream channels.  In this mountain range, there have 

been several episodes of glacial activity over geologic time scales, resulting in broad U-

shaped valleys trending north to south (Blair and Gillam, 2011).  Many small and steep 

tributary basins are located along the margins of these broad valleys with Holocene-age 

alluvial fans at their outlet. 

 

In the summer of 2002, the Missionary Ridge Fire burned more than 30,000 hectares near 

the town of Durango, Colorado (USDA Forest Service 2002).  The fire burned through 

ponderosa pine and mixed conifer forests, resulting in a patchwork of low, moderate and 

high-severity burned areas.  There were extensive patches of high-severity burned area 
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and these patches covered large proportions of the tributary basins along the Animas, 

Florida and Los Pinos River valleys.  The high-severity fire consumed litter and duff on 

the forest floor and increased runoff led to flood and debris flow activity along these 

valleys.  The increased runoff and erosion left deeply incised stream channels and deep 

exposures cut into the alluvial-sediment of tributary stream channels and alluvial fans.  

These events provided the rare opportunity to observe and sample late Holocene alluvial 

sediments, many of which showed evidence of older fire-related sedimentation and 

burned soil surfaces.   

 

Many of the tributary drainage basins have strong aspect differences, which influence 

different vegetation compositions on north and south-facing slopes.  The drainage basins 

are typically covered with open ponderosa pine (Pinus ponderosa) stands with Gambel 

oak (Quercus gambelii) understory on the south aspects.  The north aspects have mixed 

conifer forests with Douglas-fir (Pseudotsuga menziesii), white fir (Abies concolor) and 

smaller proportions of ponderosa pine, limber pine (Pinus flexilis) (Korb and Wu 2011).  

In addition, Aspen (Populus tremuloides) patches and pure shrub fields are present 

throughout the study area. 

 

1.3.1 Fire history research in San Juan Mountains 

Several fire history studies have been conducted in the San Juan Mountains using tree-

rings and lake-sediment records and methods.  The tree-ring collections were from lower 

elevation ponderosa pine to upper-elevation mesic mixed conifer forests (Grissino-Mayer 

et al. 2004; Brown and Wu 2005; Fulé et al. 2009; Korb et al. 2013).  These studies show 
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that frequent surface fire was dominant in ponderosa pine and xeric mixed conifer sites 

with decreased fire frequencies as elevations increase.  Fire return intervals in the 

ponderosa pine-oak woodlands ranged from 7 to 14 years across the range, and intervals 

of 20 to 30 years was typical for the warm-dry mixed conifer type (Grissino-Mayer et al. 

2004; Brown and Wu 2005; Fulé et al. 2009; Bigio et al. 2010; Korb and Wu 2011).  

Relatively mesic mixed conifer forest stand experienced surface fires at longer intervals 

(20 – 40 years) with small patches of high-severity fire on north-facing aspects (Korb and 

Wu 2011).  The lake-sediment studies were located in relatively mesic mixed conifer 

sites and higher elevation spruce-fir sites in the San Juan Mountains (Toney and 

Anderson 2006; Anderson et al. 2008).  These studies show a transition to more open 

forests with more frequent fire activity starting around 2,000 years before present.   

 

This dissertation adds three new tree-ring sites in the center of the range, and the analyses 

of these data focuses on the influence of aspect and fire barriers on historical fire regimes.  

This is also the first study using alluvial-sediment methods in the San Juan Mountains, 

which complements the existing collection of lake-sediment studies.  The combined 

analyses of tree-rings and alluvial sediments, as well as a site-level comparison of these 

methods using a debris flow probability model provides a novel perspective on long-term 

interactions among climate, fire and geomorphology during the late Holocene in the San 

Juan Mountains. 
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1.4 Explanation of research approach 

 

The primary goal of this dissertation has been to collect and analyze two data types of fire 

history in the same study sites, and to use the strengths and weaknesses of each record 

and methodology to better interpret changes in fire regimes over the late Holocene. The 

pairing of both tree-ring and alluvial sediment methods in the same study sites provided 

the opportunity to improve interpretations of the alluvial-sediment method and clarify 

assumptions of each method.   Each method has the ability to resolve different 

components of the historical fire regime, and the coordinated sampling and comparison 

of these two proxy methods is unique among fire history studies.   

 

I collected alluvial-sediment data from low-order tributary basins, where deep incisions 

in the valley bottoms and alluvial fans created natural exposures of charcoal-rich 

sediment deposits.  In three of the basins, fire-scarred trees were collected along the 

hillslopes above the many of the sediment exposures.  An additional basin with paired 

sampling of tree-ring and alluvial sediment was collected as part of my Master’s thesis, 

and selected data from this prior study was incorporated into the second and third 

appendices (Bigio et al., 2010) of this dissertation.  The fire history record derived from 

each method was independently compared with climate information and used to illustrate 

fire-climate associations at a range of temporal scales.  Following this, the youngest 

alluvial-sediment data history was compared with tree-ring data from the same locations, 

which served as both an independent check of interpretations and helped to calibrate of 

ages of fire events derived from the alluvial record (Whitlock et al. 2004; Swetnam et al. 
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2009; Farris et al. 2010; Bigio et al. 2010).  Each site-level comparison was tested with 

an empirical debris flow probability model developed for the Intermountain West and this 

was the first test of this model using the paleorecord (Cannon et al. 2010). 
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CHAPTER 2: PRESENT STUDY 

 

This dissertation is organized into three separate studies (appendices) and each is 

intended for publication as a peer-reviewed journal article.  The first appendix covers the 

tree-ring data with fire-climate associations of the past 400 calendar years before present.  

The second appendix covers the alluvial-sediment record with fire-climate associations of 

the past 3,000 calendar years before present.  The third appendix is a comparison of three 

recent alluvial-sediment deposits with tree-ring data from the contributing area upstream 

of the deposit.  The comparison of alluvial deposits with specific fire years are tested with 

an empirical debris flow probability model.  The following is a description of each 

appendix.   

 

2.1 Dendrochronology-based fire history of the San Juan Mountains, Colorado 

 

The first appendix documents annual changes in the frequency, size and severity of 

wildfires over the past ~ 300 years, using a combination of fire-scar and age-structure 

data from tree-rings.  Several fire-scar trees and age-structure plots were collected from 

three basins and analyzed for fire frequency and severity within each basin.  In the two 

largest basins, there were clear differences in forest composition, fire frequency and 

severity by aspect.  The south-facing slopes were dominated by open ponderosa pine, and 

the majority of fire-scarred trees were found on this aspect.  The north-facing slopes were 

composed of denser mixed conifer stands with a large proportion of Douglas-fir and 

white fir.  On the south aspect, fire frequency was significantly higher and there was 
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evidence of continuous recruitment of trees at most age-structure plots.  On the north-

facing slopes, many of the age-structure plots exhibited even-aged cohorts (i.e., pulsed 

tree establishment), which is interpreted as evidence of mixed or high-severity fire 

behavior.  At the basin scale, the MFI ranged between 11 - 14 years for all fire years and 

between 22 - 26 years for more extensive fires (25% scarred, min 2).  For the ponderosa 

pine stands, these values are longer than elsewhere in the San Juan Mountains, and this is 

likely related to dissected terrain in this portion of the range.   

 

There were 27 unique fire years, when fires ranged between localized to widespread 

within a single basin, but were not recorded in other basins.  There were 15 years, when 

fires occurred in at least two basins, and during six of these years, the fires scarred a 

minimum of 25% of recording trees in each basin.  The years of 1685, 1707 and 1748 

were the only fire years when all three basins burned in the same year.  Differences in fire 

occurrence, fire extent, and MFI values among watersheds were related to the complex 

topography of the studied watersheds.  Fire-climate analysis included an SEA of two 

different groups of fire years.  One group included all unique fire years, where fire only 

occurred in a single basin.  The second group included all years when synchronous fire 

occurred in two or three basins.  Both groups showed statistically significant (p <0.01) 

dry PDSI values during the year of the fire, while the group of synchronous fire years 

among 2 – 3 basins showed significantly wet PDSI conditions at two years prior to the 

event year (p <0.01).  I suggest that fire barriers such as steep ridges, rock outcrops and 

stream channels may have led to asynchronous fire years and longer fire return intervals 

compared with other ponderosa pine and mixed conifer stands in the region.     
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2.2 Late Holocene fire and climate history of the San Juan Mountains, Colorado 

 

The second appendix focuses on development of fire history data from sedimentary 

structures of charcoal-rich alluvial deposits found in six tributary basins within the study 

area.  I reconstructed 34 fire events by radiocarbon dating of charcoal pieces within 

sediment deposits.  From these dated events I developed a chronology of fire-related 

sedimentation for the past 3,000 calendar years before present (BP).  Among all basins, I 

observed increased high-severity fire events between 2,700 – 2,400 cal yr BP, 1,500 – 

1,300 cal yr BP, 1,100 – 800 cal yr BP and 550 – 350 cal yr BP.  Low-severity fire events 

dominated the record between 2,400 – 2,000 cal yr BP and 350 cal yr BP until present.  I 

compared the episodes of low- and high-severity fire activity with several independently-

derived, tree-ring width based reconstructions of precipitation, PDSI, and temperature 

covering the past 2,000 years.  I specifically assessed whether there was a tendency for 

periods of increased fire activity to occur during decades of extreme drought conditions 

that followed periods of wetter or cooler climate conditions, as this has been observed or 

hypothesized to be an important driver of increased fire synchrony and possibly severity 

among many fire-scar sites in the Southwestern US (Roos and Swetnam 2011). 

 

There were extreme drought years occurring throughout the entire record, and some of 

the high-severity fire peaks coincided with multi-decadal drought episodes.  In addition, 

many of the high-severity peaks were usually preceded by periods of reduced of overall 

wetter conditions and sometimes reduced climate variability, which probably led to 

increased fuel accumulation on mesic slopes. In one case, a high-severity peak (1,500 – 
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1,300 cal yr BP) did not coincide with more frequent dry years, and was preceded by 

fairly average conditions.  However, this peak may represent limited extent high-severity 

fire, due to the sampling location in the upper portion of each tributary basin, although 

there was much charcoal contained in these deposits.  Ultimately, the best 

correspondence between high-severity fire activity and multi-decadal drought was during 

the Medieval Climate Anomaly.  The multi-decadal shifts between wet and dry climate 

that were associated with most of the peaks, seem to have been partly influenced by the 

Pacific Decadal Oscillation. This was also the time of best correspondence among several 

alluvial-sediment records and increased biomass burning across the western US (Marlon 

et al. 2012).   

 

There were different climate explanations for the two peaks in low-severity fire activity.  

The earlier peak in low-severity fire activity (2,400 – 2,000 cal yr BP) generally 

corresponded to an increase in ENSO activity for the western US, which may indicate a 

transition to longer and drier summers following the Neoglacial period (Conroy et al. 

2008).  This time period also generally corresponded to an increase in fire frequency in 

many lake-sediment records from the San Juan Mountains (Anderson et al. 2008).  The 

latter peak in low-severity fires also matched the overall wetter and cooler climate 

conditions of the western US during the Little Ice Age, which was well-correlated with a 

minimum in fire activity across the western US (Marlon et al., 2012).  Ultimately, peaks 

in low-severity fire may be a response to centennial-scale shifts in climate, or another 

mechanism that overrides the multi-decadal shifts in climate that regulate high-severity 

fire activity.   
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2.3 A comparison of tree-ring and alluvial-sediment fire history interpretations 

 

The third appendix compared specific fire events identified within the past 400 years in 

both the alluvial-sediment deposits and tree-ring data from the hillslopes above the 

sediment sampling location.  This exercise aimed at testing the assumptions and fire-

event interpretations derived from each of the paleofire methods alone.  In the case of 

alluvial-sediment methods, the interpretation of fire size and severity relies on modern 

observations of geomorphic responses following wildfires in small tributary basins (i.e., a 

uniformitarianism approach).  However, the interpretation of extensive, low-severity fires 

from the paleorecord is based primarily on hillslope and plot-scale studies of runoff and 

sediment yields.  Therefore, an important question for interpreting alluvial-sediment 

records is whether debris flow initiation is possible following basins burned with 

extensive, low-severity fire, and what rainfall intensities may be required for such an 

event.  Initially, we reviewed the geomorphic responses following the Missionary Ridge 

Fire with output from an empirical debris flow probability model using design-storm 

rainfall inputs.  This indicated whether the model was accurate with design-storm rainfall, 

and illustrated the topographic and burn-severity variables, which were relevant to 

distinguishing between debris flow, sediment-laden floods and no response.  Following 

this, we used the probability model to evaluate whether it is possible to generate debris 

flows from wildfires with a low proportion of high-severity fire combined with relatively 

extreme rainfall conditions (i.e. greater intensity for a 1 hour storm).  Finally, we 

compared alluvial-sediment data with tree-ring data to provide an independent check of 

fire size and severity interpretations based on each method.  We used the debris flow 
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probability model to confirm of the correspondence between the tree-ring and alluvial-

sediment record.   

 

We found that the debris flow probability model worked well with design-storm rainfall 

to predict the actual geomorphic responses following the Missionary Ridge Fire.  The 

model accurately predicted debris flow occurrences in 9 out of 12 basins, when using a 

threshold of 50% probability for debris flow occurrence.  Debris flows in three basins 

were not accurately predicted by the model, and these cases were related to the location 

and pattern of burned area within the basin.  In the sensitivity analysis, we found that 

debris flow probability remained low (< 40% probability) for watersheds with < 50% 

moderate and high-severity burned area, even for a 1-hour storm with a 25-year 

recurrence interval.  The model is more sensitive to the proportion of basin burned at 

moderate-high severity compared with any other parameter in the model.  Therefore, it is 

not likely for a debris flow to occur in a basin with less than 50% moderate-high severity 

burned area, even given a high-intensity storm lasting approximately 1 hour.  We found 

good correspondence between the type of fire-related sediment deposit (i.e. geomorphic 

response) and the extent of mixed and high-severity fire estimated from the tree-ring 

record.  The correspondence of each type of geomorphic response with fire extent from 

the tree-ring record was well-supported by the debris flow probability model.  The case 

of least correspondence was related to the location of high-severity burned area within 

the basin.  The results show that the interpretations of fire severity and extent from the 

alluvial-sediment record are reasonable, and we feel confident with our existing 

interpretations of the longer-term alluvial-sediment record.  The comparison also showed 
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that the alluvial-sediment record does not represent the total number and frequency of 

low-severity fires occurring over the past 400 years.  We suggest that the longer-term 

alluvial-sediment record should be interpreted for shifts in fire severity over the late 

Holocene.   
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A.1 Abstract: 

At regional scales, climatic drivers can synchronize fire activity among study sites and 

influence fire size within a site.  At landscape scales (1 – 10 km2), fire frequency and 

severity may also vary with aspect and landscape ruggedness.  Throughout the 

Southwest, there have been relatively few studies focused on the relative influence of 

local-scale versus regional-scale drivers of fire activity.  This study reconstructs historical 

fire regimes in three low-order tributary basins (70 – 1500 ha) in the San Juan Mountains 

of southwestern Colorado.  Within each basin, fire-scarred trees and age-structure plots 

were sampled to identify fire years and cohorts of post-fire tree establishment.  Fire 

frequency, extent and severity were evaluated for each basin for the period between 1626 

and 1879 AD.  At the basin scale, the Mean Fire Return Interval (MFI) ranged between 

11 - 14 years for all fire years and between 22 - 26 years for more extensive fires (25% 

scarred, min 2).  Differences in fire occurrence, fire extent, and MFI values among 

watersheds were related to increased fire barriers and rugged terrain in the two largest 

watersheds.  There were 27 unique fire years when fires ranged between localized to 

widespread within a single basin, but were not recorded in other basins.  There were 15 

years when fires burned in two – three basins, and during six of these years, the fires 

scarred a minimum of 25% of recording trees in each basin.  We observed differences in 

fire frequency and severity between the north- and south-facing aspect in the largest 

watersheds.  The majority (57%) of fire-scarred trees were found on south-facing aspects, 

while very few fire-scarred trees (7%) were identified and sampled from north-facing 

aspects.  There was evidence of continuous tree recruitment in the age-structure data of 

most south-facing plots, suggesting that low-severity surface fires were dominant on the 
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south-facing aspects.  On the north-facing slopes, many of the age-structure plots 

exhibited even-aged cohorts (i.e. pulses of tree establishment), indicating small patches of 

mixed or high-severity fire behavior.  Pooled fire years for north and south-facing aspects 

showed a significant difference in fire intervals (8 vs. 26 MFI, p < 0.01) for all fire years.  

A Superposed Epoch Analysis (SEA) was conducted for two different groups of fire 

years to assess associations with inter-annual climate variations.  One group included all 

years when fire only occurred in a single basin (n = 27) and the second group included all 

years when synchronous fire occurred in two or three basins (n = 15).  Both groups had 

significantly dry Palmer Drought Severity Index (PDSI) values during the fire year (p < 

0.01), while the second group also showed significantly wet PDSI conditions at two years 

prior to the fire year (p < 0.01).  In the majority of years, the steep and rugged terrain 

likely reduced the influence of regional climatic controls on the timing and frequency of 

fires at the scale of individual basins.  We suggest that fire barriers (i.e. rock outcrops, 

stream channels, steep ridges) may also have influenced asynchronous fire years among 

basins and longer fire return intervals compared with other ponderosa pine and mixed 

conifer forests in the region. 
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A.2 Introduction: 

Historical fire regimes are influenced by a combination of climatic and topographic 

factors, which can be observed at range of spatial scales.  At the regional scale, the 

association of synchronous fire years with annual climate variability has illustrated 

important fire-climate relationships in arid, Southwestern forests (Swetnam and Baisan 

1996, 2003).  For example, fires in ponderosa pine forests were historically fuel-limited 

and sufficient understory fuels were necessary for fires to spread.  Typically, a period of 

increased winter precipitation for two-three years promoted grass growth and the 

accumulation of fine fuels in the understory.  When drought conditions followed, 

extensive surface fires burned across multiple mountain ranges.  At higher elevations, in 

relatively mesic mixed conifer forests, fire intervals were longer and sufficient fuels were 

usually available for fire to spread.  Therefore, fires were extensive and synchronous 

across a region during more extreme drought years without the requirement of prior-wet 

climate conditions (Swetnam and Betancourt 1998).  

 

At landscape scales (1 – 10 km2), much research has focused on the association fire 

regimes (frequency, severity, extent) with individual topographic parameters (i.e. slope, 

aspect) independent of climate associations (Beaty and Taylor 2001; Heyerdahl et al. 

2001; Taylor and Skinner 2003; Iniguez et al. 2008).  Topography influences the spatial 

pattern of forest composition and structure by regulating soil moisture at fine spatial 

scales (i.e. hillslopes), resulting in differences in fire frequency and severity among 

different aspect, elevation or slope categories.  For example, fire return intervals are 

typically longer on north-facing slopes where relatively mesic conditions prevent fire 
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spread, except in more extreme drought years (Beaty and Taylor 2001; Iniguez et al. 

2008).  Fire behavior may also be more severe on north-facing aspects, upper slope 

positions and at higher elevations due to the longer fire return intervals and increased fuel 

loads (Beaty and Taylor 2001; Heyerdahl et al. 2001).  

 

A few studies have suggested that fire barriers within a landscape (i.e. rock outcrops, 

steep ridges, stream channels) can exert a greater influence on fire regimes than 

differences in hillslope aspect or slope within a landscape (Heyerdahl et al. 2001; 

Swetnam et al. 2001; Iniguez et al. 2008).  In some landscapes, aspect may only create 

slight differences in fire frequency (~ 1 - 5 years), whereas fire barriers may inhibit fire 

spread to portions of the landscape for many decades (Iniguez et al. 2008, 2009).  

Furthermore, when fire barriers and contrasting vegetation types isolate forest stands it 

can reduce the influence of regional-scale climatic drivers on fire regimes (Iniguez et al. 

2009; Margolis and Balmat 2009; Ireland et al. 2012).  Isolated stands in rugged terrain 

may not exhibit fire years typical for the region, resulting in a lack of synchrony with 

sites in nearby gentle terrain.  Other studies have shown that larger, widespread fires in 

dissected landscapes often required more extreme drought years for continuous fire 

spread relative to gentle landscapes (Beaty and Taylor 2001; Taylor and Skinner 2003).  

 

In the Southwest, only a few studies have focused on the influence of fire barriers and 

topographic parameters on fire regimes.  In northern Arizona, Heinlein and others found 

differences in forest composition and fire seasonality between and east- and west-facing 

slopes of the San Francisco Peaks, yet there was little difference in fire frequency 
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between aspects (Heinlein et al. 2005).  In southern Arizona, three studies showed that 

fire barriers and rugged topography influenced fire regimes more significantly than 

hillslope-scale topographic parameters, such as aspect and elevation (Swetnam et al. 

2001; Iniguez et al. 2008, 2009).  As described above, rock outcrops prevented fire 

spread, which contributed to relatively long fire-free intervals on certain portions of the 

landscape.  Fire barriers also tended to decrease fire frequency (longer fire return 

intervals) and increase fire severity at the stand scale (Grissino-Mayer et al. 2004; 

Iniguez et al. 2009).  Ultimately, there is a need for additional research of topographic 

influences on fire regimes elsewhere in the Southwest, as well as improved understanding 

on the relative influence of local- and regional-scale influences fire regimes in more 

complex topography.   

 

In this study, we investigated the pre-settlement fire regimes (1600 – 1900 AD) for three 

study sites in the western San Juan Mountains of southwestern Colorado.  The San Juan 

Mountains are a linear east-west trending mountain range with rugged terrain and steep 

elevational gradients, contributing to complex patterns of different vegetation types in 

close proximity.  At mid-elevations throughout the range, the forest is composed of 

ponderosa pine (Pinus ponderosa) with Gambel oak (Quercus gambelii) understory, 

extensive shrub fields and two phases (warm/dry and cool-moist) of mixed conifer forests 

(Blair et al. 1996; Romme et al. 2009; Korb and Wu 2011).  Aspen (Populus 

tremuloides) woodlands and spruce-fir forests occupy the higher elevations, along with 

alpine meadows at the upper forest border (Blair et al. 1996; Romme et al. 2009).   
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Throughout the San Juan Mountains, historical fire regimes (prior to 1880) in the 

ponderosa pine-oak woodlands were characterized by frequent surface fires (7 - 14 years) 

with longer fire return intervals (20 – 30 years) in the warm-dry mixed conifer type 

(Grissino-Mayer et al. 2004; Brown and Wu 2005; Fulé et al. 2009; Bigio et al. 2010; 

Korb and Wu 2011).  Fire return intervals for surface fires in the cool-moist mixed 

conifer forests ranged between 20 - 40 years with patches of high-severity fire on the 

mesic slopes at longer intervals (Wu 1999; Korb and Wu 2011).  An east-west transect of 

ponderosa pine and mixed conifer sites across the San Juans exhibited many unique fire 

years, suggesting that topography decreased fire synchrony and regional climatic 

influences on fire years (Grissino-Mayer et al. 2004).   Towards the eastern side of the 

range, prior studies have focused on documenting fire return intervals, forest demography 

and structure at the stand level in ponderosa pine and mixed conifer forests, yet in 

topographically smooth areas with few fire barriers (Brown and Wu 2005; Fulé et al. 

2009).  One study suggested that differences in topographic complexity contributed to 

different fire return intervals at sites with similar forest composition (Korb et al. 2013).  

The present study fills a gap in the center of the east-west transect, while adding new fire 

history sites in terrain with many fire barriers and different aspect groups.   

 

Three study sites were located just north of Durango, Colorado, defined by individual 

drainage basin boundaries, ranging in size between 70 and 1500 ha.  This study is part of 

a larger project comparing tree-ring and alluvial-sediment records of fire history in the 

same low-order tributary basins.  Our goal was to characterize the fire regimes in each 
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drainage basin by evaluating the frequency, severity and extent of fire events prior to 

Euro-American settlement period.  Our primary research questions were:  

(1) What was the frequency and extent of surface fires in each drainage basin, and how 

did topography influence fire regimes?   

(2) Is there evidence of mixed or high-severity fire and how does fire severity vary with 

aspect and forest composition?  High-severity fire refers to crown fire behavior and 

complete tree mortality within a stand, whereas low-severity fire indicates surface fire 

burning in the understory.  Low-severity fires leave scars on trees and tree mortality is 

limited to a few trees at the stand level.  Mixed-severity fire refers to partial overstory 

tree mortality in space or time.  In the spatial context, a defined study area (for example, 

0.1 ha age structure plot, or a 10 ha hillslope) may exhibit a patchwork of low- and high-

severity fire behavior (Heyerdahl et al. 2012).   

Finally (3), we analyzed fire event synchrony among drainage basins and reviewed local 

(topographic) versus regional (climatic) controls on fire regimes.   

 

A.2.1 Study area:  

The San Juan Mountains have been carved by several episodes of glacial activity, 

resulting in broad U-shaped valleys trending north to south in the center of the range 

(Blair and Gillam 2011).  Many small and steep tributary basins drain into these broad 

valleys, often exhibiting abundant rock outcrops and sharp differences in hillslope aspect.  

We studied three low-order tributary basins within the Missionary Ridge Fire area 

(Figure 1) of different sizes.  The two largest basins: Haflin Creek (420 ha) and Stephen’s 

Creek (1560 ha) are located on the east side of the Animas Valley.  The third and smallest 
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basin is named the ‘Marina’ (70 ha), and is located about 25 km to the east, along the 

west side of Vallecito Reservoir.  The mean annual temperature for the region is 8.3 oC 

with the lowest monthly mean of -3.4 oC in January and the highest monthly mean of 

19.9 oC in July.  The mean annual precipitation is 49 cm.  The lowest mean monthly 

rainfall occurs in June (1.55 cm) and the highest mean monthly value is August (6.55 cm) 

(www.wrcc.dri.edu).  These climate averages were calculated from measurements taken 

at a station in Durango, Colorado, a few hundred meters below the study basins.   

 

Haflin Creek and Steven’s Creek basins both have an east-west trending axis with a 

stream channel and riparian vegetation in the valley bottom.  The south-facing slopes of 

Haflin Creek and Steven’s Creek are dominated by ponderosa pine-oak stands, along 

with small percentages of Douglas-fir (Pseudotsuga menziesii), white fir (Abies 

concolor), Rocky Mountain juniper (Juniperus scopulorum) and piñon pine (pinus 

edulis).  The north-facing slopes have an even mix of Douglas-fir and white fir with 

smaller proportions of ponderosa pine, limber pine (Pinus flexilis) and aspen.  The 

Steven’s Creek and Haflin watersheds have steep hillslopes and are dissected by sharp 

ridges, which descend to the valley bottom.  Fire barriers include tallus slopes, bedrock 

outcrops, exposed bare soil, and the stream channel in the valley bottom.  The Marina 

drainage has more homogenous cover of warm-dry mixed conifer (though tending 

towards cool-moist in the valley bottom) with patches of aspen regeneration in the center 

of the basin.  The Marina basin has mostly east and west-facing slopes and has few 

barriers to fire spread.   
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All of the watersheds were located within the Missionary Ridge Fire area, which burned 

in the summer of 2002 (Figure 1).  This fire covered an area of more than 30,000 ha, and 

created a mosaic of unburned, low, moderate and high-severity burn classes (USDA 

Forest Service 2002).  All of the study basins burned with 80 – 100% moderate and high-

severity fire, leaving large patches (> 200 ha) of complete tree mortality.  On the forest 

floor, complete consumption of litter and duff led to increased overland flow and debris 

flow activity during the first summer of convective thunderstorms following the fire 

(Cannon et al. 2003).  The extensive high-severity burned areas burned across many fire 

barriers and covered both the north and south-facing aspects.  We conducted the field 

sampling for this study during the summers of 2009 – 2011. 

 

A.3 Methods: 

A.3.1 Field Methods: 

Fire-scarred trees preserve a record of low-severity surface fires, and our goal was to 

sample as many fire-scarred trees as possible given available time in the field, while also 

obtaining some spatial dispersion of trees sampled within the watersheds.  We searched 

the hillslopes of all watersheds for fire-scarred trees.  This approach has been shown to be 

effective in other pine and mixed-conifer study areas in the Southwest in obtaining 

complete chronologies of both widespread and smaller fire events at stand to watershed 

scales (Van Horne and Fulé 2006; Farris et al. 2010, 2013).  In Haflin Creek and Steven’s 

Creek, it was easier to access the south-facing slopes along the ridges descending into 

each watershed and the majority of fire-scarred trees were found along these ridges.  

Difficult terrain limited searching for fire-scarred trees on the north-facing slopes, and we 
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only collected a few samples surrounding the age-structure plots on this aspect.  

However, the relatively higher forest density and mesic conditions of the north-facing 

aspects suggested that fewer fire-scarred trees were available for sampling.  We sampled 

all fire-scarred trees with a chainsaw and we cut partial and full cross-sections from 

remnant wood, stumps and standing snags (Arno and Sneck 1977; Dieterich and 

Swetnam 1984).   

 

We sampled several age-structure plots in each watershed to observe patterns in tree ages 

over time and to identify cohorts of even-aged regeneration, which may indicate mixed- 

or high-severity fire.  Since the overall intent of the study was to relate the tree-ring data 

with fire-related sedimentation events sampled in the valley bottom, we placed the plots 

at regularly-spaced intervals along the length of the valley bottom at an elevation of ~ 

200 m above the stream channel.  In Haflin Creek, the distance between age-structure 

plots was 600 m, and this distance increased to approximately 1000 m in the Steven’s 

Creek watershed.  Plots were not located on a regular or random grid spacing, due to the 

limited access and difficulty of moving across the rugged terrain.  Plots were a belt 

transect with a variable length of between 60 – 100 m and a maximum width of 30 m.  

The goal was to sample 30 mature trees, and therefore, the plot size varied with forest 

density.  Each transect was oriented perpendicular to the slope, and every tree with a 

diameter at breast height (dbh) of  > 25 cm was assigned X/Y coordinates.  The species, 

condition (live/dead), dbh and diameter at stump height (dsh) were recorded.  We also 

counted the number of stumps, remnant logs and small-diameter trees within the plot 

area.  If a mature tree was visibly rotten or burned out, we recorded its position and 
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additional trees were added to the plot until we measured the required number of 30 trees.  

The exceptions to this protocol were the plots HC1, HC2 and MAR1, which were circular 

plots.  For these plots, we sampled 30 trees radiating outwards from the plot center, and 

tree locations were recorded with the distance and azimuth relative to the center. 

 

We cored all trees with an increment borer and recorded the sampling height above the 

ground for each tree (mean: 32 cm, range 10 – 100 cm).  If trees were rotten, we 

attempted multiple cores at greater coring heights.  We cored each tree until the sample 

was obtained within an estimated 10 rings of the pith.  Many of the plots were located 

within the high-severity burned areas of the Missionary Ridge Fire, and contained a high 

proportion (up to 100%) of standing snags.  For snags and remnant wood, we removed a 

partial or full cross section with a chainsaw at a height of 20 - 40 cm.  In these cases, the 

pith was always sampled.    

 

A.3.2 Laboratory Methods:  

We sanded all samples using progressively finer grits of sandpaper until ring boundaries 

and cellular structures were clearly visible under magnification.  We crossdated all age-

structure cores and fire-scar samples using standard dendrochronological methods 

(Stokes and Smiley, 1968).  Fire scars were identified when callus tissue was visible at 

the edge of wound area and subsequent growth had partially or fully covered the section 

of damaged cambium (Dieterich and Swetnam 1984).  We assigned a calendar year to 

each fire scar according to its annual growth ring.  When possible, we assigned a season 

to the scar, according to the relative position of the scar within the ring (Baisan and 
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Swetnam 1990).  Scars in the earlywood portion of the ring were assigned EE (early 

earlywood), ME (middle earlywood) and were used to represent fires in the springtime 

(April to June) prior to the onset of monsoon rainfall.  Scars in the later portion of the 

ring were assigned the late earlywood (LE) position or the latewood (L) position, and 

these scars represented fires later in the summer season (~ July through September).  

Dormant season scars (D) were assigned to the early season group of fires, scarring the 

tree prior to the onset of the growing season (Baisan and Swetnam 1990).   In all age-

structure and fire-scar samples, we recorded growth releases, suppressions and the 

presence of traumatic resin ducts when these features occurred. 

 

For samples from the age-structure plots, we estimated the number of rings to the pith 

using concentric circles (Applequist 1958).  We also measured growth rates using 

concentric circles for all samples, including those samples with the pith.  We used this 

information to calculate the age at coring height and estimate tree establishment ages (see 

next section).  There were a few trees, where the pith could not be estimated, due to a 

lack of curvature.  In order to accurately estimate tree density and species composition 

for each plot, we used all measured trees within the plots for the calculations, even if we 

were not able to sample or date all the measured trees.   

 

A.3.3 Data analysis: 

A.3.3.1 Fire frequency: 

All fire-scarred trees were plotted in a Master Fire Chronology chart for each basin and 

observed for visual patterns in fire occurrence (Dieterich 1980).  For calculating the 
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frequency of surface fires, the period of analysis began with the first fire to scar a 

minimum of two recording trees within each basin.  This period of analysis ended with 

the last fire to scar a minimum of two trees at the end of the 19th century.  A recording 

tree is one that has been scarred by an initial surface fire and is then probably more 

susceptible to scarring by subsequent fires (Romme 1980).  During the period of analysis, 

we calculated the fire intervals for all fire scars, a minimum of 2 recording trees scarred, 

and a minimum of 25% of recording trees scarred.  The latter (> 25% scarred) was likely 

an estimate of the intervals between the most extensive fires within a site (Farris et al. 

2010, 2013).  For additional analysis of the spatial extent of fires, see further methods 

below.  We then calculated the mean and median fire return intervals for each watershed 

and compared the values among basins.  We pooled all fire-scarred trees from the south-

facing slopes and north-facing slopes of Haflin Creek and Steven’s Creek, and all 

samples could be generally grouped into either aspect class due to the configuration of 

the basins (Figure 1).  We used a Wilcoxan rank-sum test to evaluate the difference in 

mean fire intervals (MFI) between these two aspect classes.  

 

If trees with external fire scars (visible cat faces) were found within the boundaries of the 

age structure plot, they were measured and assigned X,Y positions along the transect, and 

then included in the fire frequency analysis described above.  This was the case for one 

tree from plot HC1 and two trees from plot HC3.  We still included these trees in the 

calculations of tree density for each plot, though pith ages were not included with the 

analysis of age-structure data (see next section).  Furthermore, if trees within the age 

structure plots contained internal fire-scars, these scars were dated and recorded, but not 
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used for fire frequency analysis.  We did, however, plot the internal scars on the age 

demography diagrams where they are represented by vertical tick marks.   

 

A.3.3.2 Fire severity: 

Our goal was to interpret the historical fire behavior indicated by the pattern of each age-

structure plot.  A basic assumption of this approach was that tree-regeneration pulses 

represented stand (or plot) scale openings created by high-severity fire.   This approach 

has been used previously in similar forest types in Utah, Colorado and southern Arizona, 

although there are uncertainties associated with this assumption (see later discussion) 

(Sherriff and Veblen 2006; Iniguez et al. 2009; Heyerdahl et al. 2011).  We evaluated 

whether even-aged cohorts (i.e. pulse in recruitment) were present in the age-structure 

data at the scale of each plot.  First, we determined the growth rates and pith ages for all 

age-structure samples, and then we estimated the age at sampling height for each tree.  To 

determine the age at sampling height, we classified each sample as slow, medium or fast-

growing depending on its relative growth rate.  We then used age data for seedlings 

sampled at incremental heights above the ground collected at several sites throughout 

Colorado and northern Arizona.  The age of seedlings at different sampling heights varied 

according to relative growth rates and species (Brown, unpublished data; Kaufmann et al. 

2000; Heinlein et al. 2005).  We matched our relative growth rates with the spectrum of 

age-height data for different species.  We subtracted the number of years required for 

each tree to reach the coring height from the pith age, and this provided the establishment 

age of the tree.   
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To identify cohorts of tree establishment, we compiled the ages of all trees for each plot 

into age demography files using the same format as an FHX file (text file).  We used the 

FHX2 software to sort age demography files according to establishment age, and then we 

plotted age demography diagrams using the FHAES software (Grissino-Mayer 2001).  

We compiled the age-demography diagrams for each plot into a combined graphic using 

CorelDraw.  We determined whether each plot exhibited an even-aged cohort using the 

methods of two prior studies (Sherriff and Veblen 2006; Heyerdahl et al. 2012). Using 

these prior studies as a guide, we identified a cohort when 5 or more trees established 

within a 20-year period preceded by a 30-year hiatus in recruitment.  We associated the 

cohort with a fire year, if at least one tree within a 10 ha circular area surrounding the 

plot recorded a fire within 20 years preceding the initiation of the cohort.  If no fire-

scarred trees were found within 10 ha of the plot on a south-facing plot, then we did not 

associate the cohort with a fire year and attributed the recruitment to other ecological or 

climatic explanations.  With the relatively open forest structure and dominance of 

ponderosa pine on south-facing aspect, a lack of fire-scarred trees (or fire years) may 

indicate no fire activity.  This is because many fire-scarred trees with open wound faces 

would be highly susceptible to scarring if low-severity fires occurred, and sampling of 

targeted fire-scarred trees tends to result in a relatively complete inventory of fire events.  

In contrast, if no fire-scarred trees were found surrounding a plot on the north-facing 

slope, then we associated the cohort with the most recent widespread fire year on the 

south-facing slopes.  Given the relatively dense forest and dominance of Douglas-fir and 

white fir on the north-facing slopes, the lack of fire-scarred trees was not interpreted as an 

absence of fire activity, but rather a lower incidence of low-severity fires on this aspect.      
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We used the cohorts and fire-scar evidence to interpret fire severity at the plot level.  If 

no cohort was identified at a plot (i.e. recruitment was continuous), and several fire-

scarred trees surrounded the plot, then the general fire severity of the plot over time was 

interpreted as low-severity.  If a cohort was identified, yet at least 5 trees were recruited 

prior to the cohort and a there were at least two fire-scarred trees sampled near the plot, 

then we assigned a mixed-severity interpretation to the plot.  If none or very few trees 

recruited prior to the cohort, and no fire-scarred trees were sampled near the plot, then we 

interpreted the cohort as evidence of high-severity fire and the cohort was associated with 

a surface fire year.   

 

Although cohorts are often used to interpret overstory mortality resulting from mixed and 

high-severity fire, there may also be climatic or other ecological explanations for even-

aged cohorts (e.g., bark beetle, drought).  We reviewed all interpretations with additional 

information relevant to fire severity, such as tree density, species composition, tree 

locations within cohort, dates of internal fire-scars, growth releases and suppressions, and 

the presence of older remnant wood recorded at the plot.  For example, if a cohort 

regenerated in a relatively open ponderosa pine stand and no fire-scarred trees recorded a 

fire near the plot, then the recruitment was associated with a fire-free interval related to 

rock outcrops and stream channels surrounding the stand and preventing fire spread to the 

site for several decades (Swetnam et al. 2001; Iniguez et al. 2009).  This kind of 

recruitment may have also coincided with wetter than average climate conditions, which 

favored tree establishment (Brown and Wu 2005).  In addition to plot-level analysis, we 
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compiled a histogram of all trees from south-facing and north-facing plots in Haflin and 

Steven’s Creek.  With these histograms, we reviewed broader-scale recruitment patterns 

together with climate and widespread fire years on each aspect.   

 

A.3.3.3 Fire extent: 

We created maps of all fire-scarred trees and age-structure plots recording a fire event 

during years with a minimum of 25%-recording trees scarred.  These fire year maps were 

inspected to identify the spatial pattern and extent of fires in each basin.  This was an 

effort to separate fires that burned throughout each watershed from those fires, which 

exceeded the 25% threshold within sites, yet were limited spatially.  For example, if 25% 

of the fire-scarred trees were clustered in a relatively small portion of the basin (e.g., 

1806 in Haflin Creek or 1838 in Steven’s Creek).  This was partly due to the fact that the 

number of fire-scarred trees surrounding each plot varied greatly (range 2 – 8 trees).  

Therefore, we considered a fire to be ‘widespread’ at the basin scale, when fire evidence 

was observed at a minimum of three plots.  Fire evidence included at least one fire-

scarred tree within 10 ha circular area surrounding the plot and/or a cohort indicating 

mixed- or high-severity fire at the plot.  

 

A.3.3.4 Fire-climate associations: 

We evaluated fire and climate associations by performing Superposed Epoch Analysis 

(SEA) on two groups of fire years (Swetnam, 1993).  The first group was unique fire 

years, when fire occurred in only one basin.  This group included fires of any size, 

ranging from single tree to fires exceeding the 25% scarred filter.  The second group 
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included fires of any size recorded in at least two basins in the same year.  For the SEA, 

we used reconstructed summer Palmer Drought Severity Index (PDSI) values from the 

nearest gridpoint in the North American Drought Atlas (Cook et al. 2004; Cook 2008), 

and included fire years preceding the period of analysis for each basin. We plotted both 

groups of fire years together with an annual time series of reconstructed PDSI values, to 

assess overall temporal consistency and possible changes in fire-climate associations. 

 

A.4 Results: 

A.4.1 Fire frequency: 

A total of 91 fire-scarred trees were sampled among all three watersheds.  In some cases, 

the effects of recent high-severity fire in 2002 had charred stumps and remnant wood, 

which created longitudinal splits on the tree bole resembling scars on the exterior surface.  

Therefore, several were not included for fire-scar analysis because they did not have clear 

fire scars.  In summary, we successfully crossdated 76 trees.  A small group of trees (n = 

10) were surprisingly old with fire-scar dates between 1273 and 1532, but there was 

insufficient sample depth during this earlier period for fire regime analysis.  In summary, 

67 samples with fire-scar dates between 1600 – 1900 AD were included in the fire regime 

analysis (frequency, severity and extent) for all three watersheds.  The dominant season 

of fire events was the early season (April – June) with 46% of all scars recorded as 

Dormant (3%), Early (33%) or Middle Earlywood (10%) positions.  7% of all scars were 

assigned the late earlywood (LE) or latewood (L) positions (July – September), and a 

large portion of scars (44%) were not assigned seasonality (Baisan and Swetnam 1990).  
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We plotted all fire scar data in a Master Fire Chronology and observed patterns in surface 

fires (Figure 2).  There were 42 fire years with fires of variable size, ranging between 

burning a single tree in one watershed to extensive fire occurring in two or three basins in 

the same year (Table 3).  There were 27 unique fire years, when fires of variable size 

were recorded in only one basin.  There were also nine years, when fire occurred in more 

than one basin, though on a limited scale, scarring a single tree or up to 25% of recording 

trees.  As a measure of fire synchrony, there were six years, when fires burned a 

minimum of 25% recording trees in at least 2 basins.  Among all fire years, 1685, 1707 

and 1748 were the only years, when fire occurred in all three basins.   

 

The Mean Fire Interval (MFI) for all fires ranged between 11 - 14 years for each basin, 

with interval length ranging between 2 and 32 years (Table 4).  The MFI for widespread 

fires (25%, min 2) ranged between 22 - 26 years and the interval length ranged between 

10 and 58 years.  All fire-scarred trees were pooled from the south-facing slopes of 

Haflin and Steven’s Creek and the MFI for all fires was 8 years (range 1 – 33 years).  On 

the north-facing slopes, the MFI for all fires was 26 years (range: 4 – 48 years).  Sample 

depth was low for north facing slopes,  and the MFI for each aspect was calculated using 

all fire years from fire-scarred trees and age-structure analysis.  Pooled fire years for 

north and south-facing aspects showed a significant difference in fire intervals (8 vs. 26 

MFI, p < 0.01) for all fire years. 
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A.4.2 Fire severity: 

In Haflin Creek and Steven’s Creek, the majority of fire-scarred trees (83%) were found 

on south-facing aspects.  There were many fire-scarred trees surrounding each plot and 

many trees within the age-structure plots had internal fire scars, showing that low-

severity surface fire was the dominant fire behavior on this aspect (Figure 1).  Further 

support of this interpretation is that four of six age-structure plots from the south-facing 

slopes showed continuous recruitment (Figure 3).  The remaining two plots on south-

facing slopes (HC3 and SC2) showed a > 30 year hiatus in recruitment, and each hiatus 

was followed by a small even-aged cohort.  In both cases, the number of trees in the 

cohort was approximately 30% of total regeneration (8 – 10 trees), and the recruitment at 

the HC3 plot was associated with surface fire year recorded within the vicinity of the 

plot.   

 

The cohort analysis for HC3 suggested mixed-severity fire, because a small cohort 

initiated within 20 years of the 1838 fire year.  However, we are not confident that 

overstory mortality occurred at this plot, because many surface fires were recorded 

surrounding this plot prior to the 1838 fire year (1818, 1806, 1796), and there may have 

not been sufficient fuels available for overstory tree mortality to occur.  Instead, there 

was a relatively long fire-free interval following the 1838 fire year until the next fire year 

of 1870 (32 years).  Given the pine-dominant species composition and open stand 

conditions, the small cohort likely established without a fire-related opening in the 

canopy.   Therefore, we assigned a low-severity interpretation to this plot.  In contrast, in 

the case of SC2, although the cohort was smaller, this plot was located on an isolated 
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slope surrounded by bedrock outcroppings.  We are uncertain of the fire severity 

interpretation for this plot, although the cohort suggests mixed-severity fire.  Given the 

barriers to fire spread, sufficient understory fuels may have accumulated prior to the 1778 

fire and overstory mortality may have occurred.  This was also possible because a 

relatively long fire-free interval of 30 years preceded this cohort (Figure 2).  However, 

we are uncertain that the 1778 fire burned at this plot because the fire-scarred trees 

nearest to the plot did not record this fire year, although it was recorded by fire-scarred 

trees surrounding four other plots on both sides of the basin. In summary, the dominant 

interpretation on south-facing aspects was low-severity surface fires were typical, though 

occasional small patches of tree mortality (mixed-severity fire) may have occurred, 

eventually leading to small cohort development.     

 

Very few fire-scarred samples were found on north-facing slopes (7%), and six of eight 

plots exhibited evidence of mixed- or high-severity fire behavior (Figure 3).  The north-

facing plots of Haflin Creek (HC4, HC5, HC6) each had an even-aged cohort composed 

of the majority of trees within each plot (Figure 3).  In these plots, the cohort followed 

the 1818 fire year, when fire burned extensively throughout the south-facing slopes.  

There was only one fire-scar sample located very close to HC6, and it was a charred 

stump with an outside ring in the late 1700’s.  The regeneration at these plots is 

dominated by Douglas-fir and white fir with a small proportion of ponderosa pine.  These 

plots are also bounded by talus slopes, rock outcrops and the stream channel in the valley 

bottom, which may have prevented fire spread to these plots in the decades preceding the 
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1818 fire.  Small fires occurred on the south-facing slopes in 1796 and 1806, yet the last 

recorded fire on the north aspect was in 1748 (Figure 2 – tree labeled HC6).   

 

In the Steven’s Creek drainage, we interpreted high-severity fire at one of the north-

facing plots (SC4), which only had one tree recruiting prior to the cohort.  This tree 

recorded a scar in 1870, and there were no other fire-scarred trees surrounding the plot.  

The next three trees recruiting were aspens with pith dates of 1871, and the remaining 

recruitment was composed of white fir.  In the case of the other north-facing plots (SC5 

and SC6), these plots contained partial and full cohorts associated with the 1778 fire year.  

However, there were samples of much older remnant wood collected at both of these 

plots, and a few fire-scarred trees were sampled near each the plot.  Therefore, we 

interpreted mixed-severity fire at the SC5 plot and low-severity fire at the SC6 plot.  

Furthermore, the species composition at SC5 and SC6 was a majority of limber pine 

(38%), followed by even mix of ponderosa pine (25%) and Douglas-fir trees (22%), and 

small proportions of white fir (10%) and aspen (5%).  [note: these species compositions 

were calculated for these two plots only, not the same values as in Table 2].       

 

In the Marina watershed, fire-scarred trees were sampled equally on the east and west-

facing aspects and several fire-scarred trees were located surrounding each age-structure 

plot.  The MAR1 plot exhibited continuous recruitment with many internal fire-scars 

recording the 1851 and 1879 fire years (Figure 3).  Two of the fire-scarred trees near to 

this plot recorded very frequent fire (Figure 2).  At the MAR2 plot, one even-aged cohort 

was identified and we associated this cohort with the 1851 fire year.  High-severity fire 
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was a reasonable interpretation here based on the lack of living trees established prior to 

1851, the lack of older remnant wood and high tree density at the plot.  The fire interval 

preceding the 1851 fire (32 years) on this side of the watershed (1818) was slightly 

longer than the average MFI (25%, min 2) for the watershed, which may have allowed 

for sufficient fuels to build up prior to 1851.  However, there were many older fire-

scarred trees found uphill from the plot, and therefore the high-severity fire was likely 

limited to a small area between the plot and the valley bottom (Figure 1).  Beyond the 

watershed boundary to the west, there is a steep rock escarpment.  Given the abundance 

of fire-scarred trees and gentle terrain, the interpretation for this drainage basin was of 

low-severity fire.   

 

A.4.3 Fire extent: 

We reviewed the locations of fire-scarred trees and age-structure cohorts within each 

basin.  In Haflin Creek, there were four years (1724, 1748, 1818, 1870) when fire 

evidence was observed surrounding a minimum of three plots.  In 1724 and 1748, fire 

was recorded at two plots on the south-facing slopes and one plot on the north-facing 

slope.  Fire was the most extensive during 1818, burning at all three south-facing plots 

and associated with cohort regeneration on all three north-facing plots.  In 1870, fire was 

recorded by almost every sample on the south-facing plot, though not associated with 

cohort regeneration at any age-structure plot.   

 

In the Steven’s Creek basin, there were five years (1748, 1778, 1822, 1846, 1870) when 

fire evidence was observed surrounding a minimum of three plots.  In Steven’s Creek, the 
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fire year of 1822 was only observed in the fire-scarred samples surrounding two plots, yet 

it was recorded by internal scars on several trees within the SC5 plot (Figure 2, Figure 3).  

1748 and 1778 were the most extensive fire years with fire evidence on both south and 

north-facing slopes.  The 1846 fire scarred most of the trees on the south-facing slopes, 

although there was no association with cohort regeneration on the north-facing slopes.  

1870 was recorded by two of the south-facing plots and as high-severity fire at one of the 

north-facing plots.  In both watersheds, the 1685 fire year scarred only two trees and 

therefore, does not meet the criteria for a widespread fire.  However, we suggest that fire 

may have been widespread during 1685 as these two trees were located on opposite sides 

of the watershed.  1685 was one of the most synchronous fire years across the Southwest 

with evidence of high-severity fire at some locations (Swetnam and Baisan 1996; 

Margolis and Balmat 2009; Margolis and Swetnam 2013) 

 

In the case of Marina, there were only two age-structure plots and most of the fire-scarred 

trees were located along ridges on opposite sides of the watershed.  We identified eight 

widespread fire years when a minimum of 25% of recording trees were scarred and these 

trees were located on opposite sides of the watershed.  Widespread fire years were: 1707, 

1724, 1748, 1778, 1789, 1818, 1851, and 1879.  This was the majority of all 25% scarred 

fire years.  1685 and 1841 were the only years when fire exceeded the 25% filter, but did 

not burn on both sides of the watershed. 
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A.4.4 Fire-climate associations: 

The SEA showed that unique fire years (n = 27) were associated with dry PDSI 

conditions in the same year as the fire (p < 0.01), though no trends were observed with 

PDSI in the years prior to the fire year.  This suggests that fuel build-up in the years 

preceding the fire year was not a requirement for fires to spread at the scale of a single 

watershed (Figure 4), even if some fires were widespread at the scale of an individual 

basin.  The second group (2 – 3 basins) of fire years (n = 15) showed a significant 

association with dry PDSI conditions during the fire year, and also a significant 

association with wet conditions two years prior to the fire year.  This suggests that fine 

fuel build-up over multiple years (including understory herbaceous material) was 

necessary for fire to occur within multiple basins and likely relates to fire spreading 

across the landscape and into the watersheds from neighboring areas more easily.    

 

A.5 Discussion: 

A.5.1 Fire frequency, extent and topography: 

Our goal was to characterize the fire regimes of each watershed and then evaluate the 

influence of north and south aspects on fire frequency and severity.  Each of the largest 

watersheds (Steven’s and Haflin Creeks) had an east-west trending stream channel in the 

valley bottom, and this feature divided the basins into two aspect groups.  The south 

aspect group was composed of mostly south- and west-facing slopes with generally xeric 

climate conditions overall.  The north aspect group was composed of mostly north- and 

east-facing slopes and the conditions were relatively more mesic.  Within Haflin and 

Steven’s Creek, there were differences in fire frequency with aspect.  MFI values were 
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significantly different between the south and north aspect groups when all fire years were 

pooled among watersheds (p < 0.01).  Pooled samples from the two aspect groups from 

different watersheds do not represent true fire return intervals for each watershed.  Yet, 

the comparison was intended to illustrate broad-scale differences in fire frequency 

between north and south-facing aspects.  For the Marina, we did not test for differences 

in fire frequency with aspect.  There were equal numbers of fire-scarred trees found on 

both east and west facing slopes and most fires burned uniformly throughout the 

watershed, suggesting consistent fire frequencies on different aspects.   

 

We also compared fire frequency and extent among watersheds with different degrees of 

landscape ruggedness surrounding the site and fire barriers within the site.  All 

watersheds experienced frequent surface fires during the period of 1600 – 1900 AD.  The 

MFI values for all fire years and two sets of filtered fire years were similar among all 

three basins (Table 5) and the Marina had the shortest MFI values for all fires (11 years) 

and 25% filtered fire years (22 years).  The Marina had the smallest sampling area (70 

ha) with the highest density of fire-scarred samples.  It has fairly uniform forest 

composition of warm-dry mixed conifer with few barriers to fire spread within the 

watershed, allowing fire to spread easily throughout the site.  There is a steep ridge with 

rock outcrops on the west side of the watershed, yet fire could spread into this watershed 

from the surrounding landscape on the northern and eastern sides.  In general, the 

landscape surrounding the watershed is relatively smooth compared with the landscape 

surrounding Haflin and Steven’s Creeks, which may contribute to the slightly higher MFI 

values for the Marina. Compared to mixed conifer forests elsewhere in the San Juan 
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Mountains, the MFI values of the Marina basin were shorter for all fires years (19 – 30 

years) and the 25% filtered fire years (22 – 38 years) (Grissino-Mayer et al. 2004; Fulé et 

al. 2009). 

 

The topography within and surrounding Haflin Creek and Steven’s Creek is dissected and 

has more rock outcrops and talus slopes, likely resulting in relatively fewer fires 

spreading into the watershed from the surrounding landscape.  The majority of fire-

scarred trees were sampled from the ponderosa pine-oak forests on the south aspect, and 

therefore, the MFI values represent this forest type.  In pine-oak forests elsewhere in the 

San Juan Mountains, MFI were lower for all fires (6 – 10 years) and 25% filtered fire 

years (9 – 14 years) (Grissino-Mayer et al. 2004; Brown and Wu 2005).  The complex 

terrain within and surrounding these watersheds likely contributed to slightly longer MFI 

values, approaching that of warm-dry mixed conifer forests in the region (Wu 1999; 

Grissino-Mayer et al. 2004; Fulé et al. 2009; Bigio et al. 2010).  In other studies, when 

ponderosa pine stands were isolated by topographic barriers such as rock outcrops, MFI 

values tended to be longer when compared with sites of similar elevation and forest 

composition (Grissino-Mayer et al. 2004; Iniguez et al. 2009)  Isolated stands within a 

topographically smooth landscape, however, had relatively low MFI values (~ 4 years) at 

the stand level (Ireland et al. 2012). 

 

Another way to evaluate the influence of fire barriers within each watershed is to 

examine fire extent.  The widespread fire years were defined as years when fire evidence 

was observed at a minimum of three age-structure plots (Table 3).  In Haflin Creek and 
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Steven’s Creek, approximately half of the years exceeding 25% scarred threshold were 

considered widespread.  Yet, in the Marina, 80% of all years exceeding the 25% scarred 

threshold were considered widespread.  With few barriers to fire spread, once fire ignited 

or spread from the surrounding landscape, fire could spread easily within the watershed.  

For Haflin Creek and Steven’s Creek, fires were more often restricted to one portion of 

the watershed and usually less likely to spread onto the north-facing slopes.   

 

A.5.2 Fire severity: 

We used a combination of fire-scarred trees and age-structure data to evaluate fire 

severity at the plot level in all three watersheds.  For Haflin Creek and Steven’s Creek, 

we observed frequent surface fires on the south-facing slopes, while the north-facing 

slopes showed evidence of mixed- and high-severity fire behavior.  These interpretations 

are consistent with contrasting forest composition and tree density values between the 

north and south-facing slopes.  South-facing slopes were dominated by open pine-oak 

stands with a few mature Douglas-fir, Juniper and Piñon pine.  White fir was rare at the 

south-facing plots, and when present, these were the smallest and youngest of all sampled 

trees (post 1870).  North-facing plots had higher tree densities with much greater 

proportions of Douglas-fir, white fir and limber pine.  Ponderosa pine was present at 

some plots, though it was not dominant at any site.  Aspen was present in drainages and 

sometimes in the understory of plots.  On the north-facing slopes, there was evidence of 

surface fire during some time periods (Figure 2, tree labeled HC6) and at some locations 

(SC5 and SC6).  However, the overall interpretation for the north aspect is of mixed-

severity fire behavior.  This is consistent with relatively mesic mixed conifer stands 



 
 

64 
 

elsewhere in the San Juans, especially where topographic isolation is a feature of the 

landscape (Wu 1999).  For the Marina watershed, we interpreted high-severity fire for the 

MAR2 plot, but we infer this fire behavior to be relatively small in extent.  Furthermore, 

this interpretation is uncertain because surfaces fire spread throughout the entire 

watershed during most fire years and sufficient fuels may have not accumulated for 

severe fire to occur.   

 

We conducted the interpretation of fire severity from age-structure data with caution and 

were open to alternative explanations for plot-scale cohort regeneration (Brown, Wienk, 

et al. 2008).  Alternative explanations in ponderosa pine forests include regeneration 

following drought-related mortality and pine-beetle infestation.  Climatic explanations for 

drought-related mortality are unlikely because extended drought conditions did not occur 

during the decades prior to any of the cohorts.  In our study sites, it is more likely that fire 

barriers limited fire spread to a plot and the small cohorts established into the already 

open stand conditions on the south-facing slopes.  At other locations, fire-free intervals 

created by favorable climate can promote the initiation of cohorts in ponderosa pine 

stands without fire-related mortality of the overstory (Brown and Wu 2005).  We only 

observed two small cohorts (< 10 trees) on the south-facing slopes, and only one of these 

(SC2) was attributed to possible mixed-severity fire.  The steep slopes of the SC2 plot 

likely promoted a small portion of crown fire at the plot, given that there was likely 

sufficient fuel build-up following a long fire-free interval.  While we recognize that an 

interpretation of crown fire using cohort analysis may be inaccurate, the steep and rocky 

terrain of our study sites also makes it difficult to compare our study with interpretations 
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made using ponderosa pine age structures on more gentle terrain, where fires spread more 

easily and are strongly influenced by regional-scale climate variability (Brown and Wu 

2005).   

 

On north-facing slopes, the age-structure data show a greater proportion of high-severity 

fire, which was consistent with the higher tree density and species composition on this 

aspect.  We were confident with the association of cohorts with fire years and the 

interpretations of overstory mortality related to fire.  In most cases, the fire year was 

recorded near the plot and fire return intervals were typically longer on this aspect, 

allowing for sufficient fuel accumulation in the already dense forests.  Yet, we still 

adjusted some of the interpretations of high-severity fire to mixed-severity fire due to 

additional evidence at the plot level. For example, the Steven’s Creek north-facing plots 

had old remnant wood in the understory, and this evidence was the used to adjust an 

interpretation of high-severity fire based on the cohort analysis to one of mixed-severity 

fire.  If high-severity fire had burned throughout the plot, then this remnant material 

likely would have been consumed.  On both aspects, insect-related mortality could also 

be an explanation for canopy openings, although each cohort initiated within 20 years 

(often less than 10 years) of a widespread fire in the watershed, often recorded at the plot.  

In most cases, there were some survivors predating the cohort, and these samples did not 

show evidence of growth suppressions related to insect infestation around the time of the 

cohort initiation.  Our interpretations are also limited by the lack of death dates on 

standing snags or remnant wood in the plot, which can support an interpretation of stand-

replacing fire when combined with other lines of evidence (i.e. fire-scar dates, growth 
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releases) (Margolis et al. 2007; Iniguez et al. 2009).  Snags or logs with death dates may 

have existed in some of our plots, but these were likely consumed by the high-intensity, 

Missionary Ridge Fire of 2002.   

 

As an additional method for evaluating age-structure data and fire severity with aspect, 

we combined all age-structure data from the north and south-racing aspects of Haflin 

Creek and Steven’s Creek.  We plotted tree establishment ages by species in 10-year bins 

and labeled the widespread fire years (min 3 plots) for each basin (Figure 5).  We 

observed continuous recruitment dominated by ponderosa pine on the south-facing slopes 

in both watersheds.  We observed one broad peak (cohort) in tree establishment ages on 

the south-facing slopes of Haflin Creek between 1748 and 1818.  This was a fire-free 

interval in widespread fire years, although there were localized fires recorded in 1776, 

1796, 1804 and 1806.  The long fire-free interval (1748 – 1818) allowed seedlings to 

establish and grow large enough to survive the 1818 fire and thus be sampled in our 

study.  Despite increased fuels, we did not observe evidence of mixed- or high-severity 

fire on the south-facing slopes during the 1818 fire year (Figure 3).  We suggest fires 

remained in the understory during the 1818 fire year, though additional fuels likely 

promoted intense surface fire in the understory.  1818 was a regionally dry PDSI year, 

and widespread fires were observed throughout the San Juan Mountains, northern New 

Mexico and southeastern Utah (Grissino-Mayer et al. 2004; Brown and Wu 2005; Brown, 

Heyerdahl, et al. 2008; Dewar 2011).  Likely due to regional drought conditions, fire was 

able to spread across the stream channel onto the north-facing slopes, where fuels were 

sufficient to support mixed- and high-severity fire behavior.  The large fir-dominated 
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peak in establishment-age histogram further supports the interpretation of mixed- and 

high-severity fire on the north-facing slopes.   

 

For Steven’s Creek, the south-facing slopes show continuous recruitment of ponderosa 

pine with many trees established during the late 1500’s and throughout the 1600’s.  The 

interval between widespread fire years was slightly shorter, and there were no pulses in 

recruitment associated with fire-free intervals on the south-facing slopes.  A small cohort 

was first observed in the individual plot data (SC2) following the 1778 fire year and was 

interpreted as possible mixed-severity fire at this plot (Figure 3).  Stands are isolated in 

this watershed and enough fuels could possibly accumulate to result in some overstory 

mortality. However, when reviewed in the establishment age histogram (Figure 5), the 

small cohort (1778 – 1822) was not a prominent peak.  It also possible to interpret that an 

intense understory surface fire burned at the SC2 plot in 1778, which killed all seedlings 

established during the interval from 1748 – 1778 (30 years). This would have created the 

hiatus in tree establishment observed in the individual plot data (Figure 3).  The open 

stand structure and dominance of ponderosa pine at this plot also supports a surface fire 

interpretation.  Ultimately, it is difficult to confidently interpret the fire severity 

information at SC2 because there were few fire-scarred trees surrounding this plot, and it 

was fairly isolated from the surrounding landscape.  The data from the north-facing 

slopes shows the large peaks in tree establishment following the 1778 and 1870 fires, 

further supporting the interpretation that mixed-severity fire occurred on the north side of 

the watershed.   
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A.5.3 Fire-climate associations: 

The results of the SEA indicate that a greater proportion of all fire years were unique, 

meaning that fires burned only at the scale of a single watershed (Figure 4, Table 3).  In 

these years, there was a significant relationship with dry PDSI conditions during the year 

of the fire and no significant wet conditions in the years prior.  Our interpretation is that 

fuels were likely sufficient for fire to spread during dry years, without an increase in 

herbaceous growth and fine fuels in the years prior.  Due to high fire frequencies (< 10 

years) in many ponderosa pine forests of the southwest, wet conditions for two to three 

years were necessary to accumulate enough fuels for fire to spread during drought years 

(Swetnam and Baisan 1996).  However, for the ponderosa pine stands in this study, MFI 

values were slightly longer than observed at other pine-oak stands elsewhere in the San 

Juan Mountains (Grissino-Mayer et al. 2004; Brown and Wu 2005) and understory fuels 

were likely not limited during drought years.  The SEA suggests that it was more 

important to have sufficient drying of the existing fuels for fire to spread within a single 

watershed.  From the visual review of PDSI displayed with both fire year groups, it 

appears that many of the unique fire years occurred during years of only average to 

moderate drought conditions.        

 

The majority of fires years were by unique, single-basin fire years, and these years did 

not have a strong association with regional-scale climate conditions.  There, we interpret 

that local-scale topography reduced the influence of regional-scale climate on fire 

occurrence and frequency at the scale of individual basins.  When stands or study areas 

are isolated, it can result in fire years, which are asynchronous with regional fire years 
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(Iniguez et al. 2009; Ireland et al. 2012).  In our study sites, fires did not easily spread 

into the largest watersheds from the surrounding landscape and fire occurrence relied 

more on local ignitions.  For example, 1851 was a very widespread fire year throughout 

the San Juan Mountains, the Colorado Front Range and northern New Mexico (Donnegan 

et al. 2001; Grissino-Mayer et al. 2004; Brown and Wu 2005; Dewar 2011).  In some 

study areas, 1851 followed a relatively long fire-free interval, and resulted in widespread 

surface fire and sometimes mixed-severity fire conditions in ponderosa pine and mixed 

conifer forests (Brown et al. 1999).  There was no 1851 fire recorded in Haflin Creek, 

and fire spread was limited in Steven’s Creek, even though the Hermosa Creek site on the 

opposite side of the Animas Valley burned extensively (Grissino-Mayer et al. 2004).  

Fuels may have been limited for fire to spread in 1851 in Steven’s Creek, because a 

widespread fire had recently occurred in 1846.  In 1846, fire was not recorded elsewhere 

in the San Juans, though it burned extensively in Steven’s Creek.  While this may have 

been a local weather phenomenon in that year, it likely reduced fuels available for 

extensive fire spread during the next regional fire year of 1851.   

 

There were 15 years when fires burned in two - three basins between 1685 and 2002.  

These fires ranged in size from single trees to extensive and widespread at the basin 

scale.  During these synchronous fire years, we are not certain that fire spread 

continuously throughout the study area, because there were large distances between 

watersheds (Figure 1).  The SEA results show that there were significant wet conditions 

two years prior to the fire years with significantly dry PDSI conditions during the fire 

year.  We interpret that the regional climate influenced fuel build-up throughout the 
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landscape, generally increasing the connectivity of fuels surrounding each watershed.  

When followed by extreme drought years, fires igniting near to the study basins could 

spread more easily into the watersheds.  Therefore, regional-scale climate did have an 

influence on fire synchrony and extent across the study area, although it was in a limited 

number of fire years.   

 

Another interesting aspect of fire-climate relationships are variations in the timing and 

length of fire-free intervals across the study area.  We observed a short fire-free interval 

from 1724 – 1748 in all three watersheds.  Following this, there was a second fire-free 

interval from 1748 – 1778 in Steven’s Creek and the Marina, and this interval continued 

until 1796 in Haflin Creek (Figure 2).   In two other study sites in the San Juan 

Mountains, a fire-free interval was observed from 1684 – 1735 (Brown and Wu 2005; 

Fulé et al. 2009).  This interval (1684 – 1735) was associated with reduced amplitude of 

the El Nino/Southern Oscillation teleconnection, resulting in less interannual variability 

between wet and dry climatic conditions.  In our study, we actually had increased fire 

occurrence during this time period, suggesting again, that only moderate drought 

conditions were necessary for fire to occur.  This suggests that local-scale topography or 

other factors may have reduced the influence of top-down regional climatic conditions on 

fire frequency and timing during this time period.  In our study, the second fire-free 

interval (1748 – 1778) was synchronous with a fire-free interval from ~ 1750 – 1770 

observed at many sites in the San Juans (Grissino-Mayer et al. 2004).  This interval may 

have been associated with changing winter air mass boundaries and hemisphere-scale 

circulation patterns, which ultimately have an influence on lightning and ignitions.  This 
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mid-late 1700’s fire-free period does not occur at the same time as other fire-free 

intervals elsewhere in the Southwest, and may relate to the location of the San Juans in 

the transition zone between the Southwest and Southern Rocky Mountains (Grissino-

Mayer et al. 2004; Korb et al. 2012).   

 

A.5.4 Management implications:  

Fire regimes in ponderosa pine-oak stands and warm-dry mixed-conifer stands in the San 

Juan Mountains are considered out of their range of historical variability following more 

than a century of fire exclusion(Grissino-Mayer et al. 2004; Brown and Wu 2005; Fulé et 

al. 2009, 2014; Korb and Wu 2011) (Brown and Wu, 2005; Fulé et al., 2009; Grissino-

Mayer et al., 2004; Korb and Wu, 2011).  Tree density has increased considerably over 

the past ~ 130 years since Euro-American settlement disrupted the natural fire regime 

around the end of the 19th century (Fulé et al. 2009; Korb et al. 2012).  Without frequent 

surfaces fires, species composition has changed dramatically in ponderosa pine and 

warm-dry mixed conifer stands (Allen et al. 2002).  These ecosystems are now 

dominated by infill of small Douglas-fir and white fir seedlings in the understory and 

have an increased risk of high-severity fires (Heinlein et al. 2005; Fulé et al. 2009).  In 

the pre-settlement period of moderately frequent surface fires, ponderosa pine could 

establish and remain dominant over shade-tolerant species, even during fire-free intervals 

of 30 – 50 years.  Yet in the 20th century, we have experienced the longest fire-free 

interval yet, resulting in shade-tolerant species outcompeting ponderosa pine in the 

current forest structure (Fulé et al. 2009).    
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The complex topography and spatial pattern of forests in the San Juan Mountains indicate 

the need for increased knowledge of the spatial and temporal patterns of historical fire 

regimes. Studies in other landscapes with a complex topography and vegetation patterns 

show the dominance of local-scale controls on fire regimes (Swetnam et al. 2001; Iniguez 

et al. 2009; Ireland et al. 2012).  Based on our own work and prior research in the San 

Juan Mountains, we suggest that longer fire return intervals are may be appropriate for 

pine-oak stands located steep and dissected topography (Grissino-Mayer et al. 2004).  We 

also suggest that warm-dry mixed conifer may experience mixed-severity fire on north-

facing aspects at the hillslope scale.  Mixed-severity fire may be more common and 

larger in scale in topographically-complex areas.  Increased knowledge of the variability 

historical fire regimes throughout the San Juans can help fine-tune management 

prescriptions, which may include a combination of mechanical thinning treatments and 

prescribed fire (Korb et al. 2012).  

 

A.6 Conclusions:  

The study sites have contrasting forest composition (ponderosa pine vs. mixed conifer) 

according to aspect with increased fire barriers in the two largest watersheds.  Frequent, 

low-severity surface fires were common in the open ponderosa-pine stands on the south-

facing slopes.  There were longer fire return intervals and mixed-severity fire behavior on 

the relatively mesic, mixed conifer stands on the north-facing slopes.  Fire barriers in the 

two largest watersheds led to longer fire return intervals for the ponderosa pine stands 

relative to elsewhere in the San Juan Mountains.  The fire barriers also contributed to 

relatively smaller fire size and a lack of synchrony between fire years and regional 
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climatic drivers.  The majority of fire years occurred in only a single basin, suggesting 

that local-scale topography may have reduced the influence of regional-scale climatic 

drivers on fire occurrence and extent at fine spatial scales.  Fire was synchronized across 

the study area in a minority of fire years and in response to a climatic pattern of 2 – 3 wet 

years preceding an extreme drought year.  These findings highlight the variability in fire 

regimes across the San Juan Mountains, suggesting the need for site-specific restoration 

in this landscape.   
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A.9 Figure and Table Captions: 
 
Figure 1:  Study area with sample locations for each watershed 
 
The locations of fire-scarred trees are represented with round circles and age-structure 
plots are represented with green squares.  The ‘Country Market’ drainage basin was 
sampled in a prior research project (Bigio et al., 2010). 
 
Figure 2:  Master Fire Chronology  
 
Horizontal lines represent individual fire-scarred tree samples.  The inner ring is 
represented with an angled tick mark and the pith dates are represented by vertical marks.  
The outer ring dates are indicated by angled tick marks and bark dates are indicated by 
vertical marks.  Each fire scar is also represented by a vertical tick mark. Dashed lines 
represent the time period before a tree has been scarred by an initial fire event.  
Following the first first scar, solid lines represent a recording tree.  All years, when fire 
scarred > 25% of recording trees within a basin are labeled on the calendar axis for each 
basin.  If a fire-scarred tree is located within a 10 ha radius of an age-structure plot, the 
name of the plot is indicated on the right side of the graphic.     
 
Figure 3: Age demography diagrams arranged by aspect and watershed 
 
The number in parentheses indicates the number of fire-scarred trees sampled within a 10 
ha area surrounding the plot.  Each tree is represented by a horizontal line, and the black 
portion represents the crossdated portion of the sample.  The grey portion represents the 
length of time estimated to the establishment age of each tree. Green bars represent a 
cohort, and the width represents a 20-year window.  The height covers the number of 
trees within each cohort (min 5 trees).  The fire-severity interpretation is labeled for each 
plot.  The * indicates when the severity interpretation was adjusted according to 
additional lines of evidence described in the text.   
 
Figure 4: Fire-climate associations and results of Superposed Epoch Analysis (SEA)   
 
In the upper section, annual values of PDSI (Palmer Drought Severity Index) are plotted 
with fire years.  Green triangles represent fires that scarred trees in only one basin (group 
1), and the red diamonds represent years when fire scarred was recorded by at least one 
tree in two or three basins in the same fire year (group 2).  In the lower SEA plots, 
positive values indicate positive departures from the mean PDSI value for the series.  The 
dashed line indicates the 95% confidence limits and the solid line represents the 99% 
confidence limits. 
 
Figure 5: Tree recruitment by decade and species   
 
All establishment ages from each watershed plotted in 10-year bins by aspect and species 
composition. 25%-scarred fire years for samples from the south aspect are labeled. On 
the north-facing aspects, sample size was low, and all fire years recorded by a single tree 
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on this aspect are labeled.  The exception is the year 1818 on the Haflin Creek north 
aspect.  No fire scar was recorded in this year surrounding the plots, but age-structure 
data indicated regeneration in association with this fire year.   

 
Table 1: Overview of watershed characteristics 

 
 

Table 2:  Overview of age-structure plot characteristics   
 
Species composition calculated for a set of three plots on each aspect.  The number of 
fire-scarred trees includes the number sampled within 10 ha area surrounding the plot.   
* indicates circular plot, all other plots are modified belt transect (see text).  Aspect 
measured in the field, except ** indicates when the aspect was measured from DEM. 

 
Table 3: Summary of sampling and fire years 
 
The number in parentheses represents the number of trees with scars recorded between 
1600 – 1900 AD, and used in the fire regime analysis.   The period of analysis begins 
with first fire to scar two recording trees and the last fire year to scar two recording trees 
at the end of the 19th century.  The fire years were counted during the period of analysis. 
 
Table 4: Summary of fire frequency statistics 
 
The mean and median values were calculated for three sets of filtered fire years during 
the period of analysis.  *Values based on all fire-scar samples pooled from the south-
facing aspect of Haflin Creek and Steven’s Creek.    
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A.10 Figures and Tables: 
 

 
Figure 1: Study area with sample locations for each watershed 
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Figure 2:  Master Fire Chronology 
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Figure 3: Age demography diagrams arranged by aspect and watershed 
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Figure 4: Fire-climate associations and results of Superposed Epoch Analysis (SEA) 
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Figure 5: Tree recruitment by decade and species 
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Watershed Name  Size 
(km2) 

size 
(ha) 

elevation range 
(m) 

South or West 
aspects 

North or East 
aspects 

Haflin Creek  4  420  2290 – 2980  PIPO‐QUGA to 
warm‐dry MC 

warm‐dry MC 

Steven’s Creek  10  1560  2290 – 3020  PIPO‐QUGA to 
warm‐dry MC 

warm‐dry MC 

Marina  1  70  2430 – 2800  Warm‐Dry MC  warm‐dry to 
cool‐moist MC 

Table 1: Overview of watershed characteristics 
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Plot ID  size 
(ha) 

# 
trees  

Tree 
Density 

(trees/ha) 

Aspect 
class 

slope in 
degrees 

Elevation
(m) 

species 

composition 

# fire‐
scarred 
trees 

Haflin Creek 

HC 1  0.55*  31  56 S 22 2467 PIPO (73%) 
PSME (12%) 
ABCO (9%) 
JUSC (6%) 

8

HC 2  0.50*  32  64 SW 20 2535 4

HC 3  0.24 32  133 S ‐
SW** 

2623 2

HC 4  0.12 32  267 N 32 2413 PSME (48%) 
ABCO (39%) 
PIPO (13%) 

0

HC 5  0.09 31  344 N 21 2513 0

HC 6  0.17 35  201 N – NE 
** 

2633 1

Steven's Creek 

SC 1  0.23 34  151 SE** 30 2491 PIPO (64%) 
PSME (24%) 
JUSC (7%) 
ABCO (5%) 

12

SC 2  0.33 34  103 W 25 2560 2

SC 3  0.20 34  172 SW 29 2682 5

SC 4  0.15 39  268 N 20 2416 ABCO (37%) 
PIFL (25%) 
PIPO (16%) 
PSME (14%) 
POTR (7%) 

0

SC 5  0.17 35  203 N 18 2484 3

SC 6  0.11 34  309 NW 35 2674 2

Marina 

MAR 1  0.28*  33  117 W 23 2607 PIPO (45%) 
PSME (42%) 
PIFL (13%) 

8

MAR 2  0.09 30  333 E 30 2636 PIPO (93%); 
PSME (3%); 
ABCO (3%) 

10

Table 2: Overview of age-structure plot characteristics 
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Watershed 
Name 

Total 
Samples 

Earliest 
Fire Date 

Period of 
Analysis 

# fire 
years    
total 

# fire 
years 
(25%) 

# fire years 
(min 3 
plots) 

Haflin Creek  22 (19)  1407  1685 – 1870  15  8  4 

Steven’s 
Creek 

30 (24)  1273  1626 – 1870  20  10  6 

Marina   24  1652  1685 – 1879  18  10  8 

Table 3: Summary of sampling and fire years.   
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Watershed 
Name 

mean (range)  median 

All  Min 2  25%   All  Min 2  25% 

Haflin Creek  14 (2 ‐ 32)  21 (10 ‐ 48)  26 (11 ‐ 58)  11  20  24 

Steven’s Creek  13 (4 ‐ 26)  24 (5 ‐ 49)  27 (10 ‐ 49)  11  22  24 

Marina  11 (2 ‐ 24)  19 (10 ‐ 30)  22 (10 ‐ 30)  11  20  23 

South‐facing  8 (1 ‐ 33)  14 (3 ‐ 49)*  41 (24 ‐ 58)* 6  10  45 

North‐facing  26 (4 ‐ 48)  ‐  ‐  28  ‐  ‐ 

Table 4: Summary of fire frequency statistics 
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APPENDIX B – LATE HOLOCENE FIRE AND CLIMATE HISTORY OF THE 
WESTERN SAN JUAN MOUNTAINS, COLORADO 

 
  

Erica R. Bigio, Thomas W. Swetnam and Phillip A. Pearthree 
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B.1 Abstract: 

In recent decades, warming temperatures and severe drought have led to an increase in 

large and severe forest fires across the western United States.  Future climate projections 

indicate warmer and drier conditions in the Southwestern U.S., suggesting a further 

increase in the frequency and severity of fires over the next century.  Improved 

knowledge of fire-climate associations over the late Holocene, especially during episodes 

of warmer and dryer climate, may help develop or test predictive models of future fire 

regime responses to climate change.  These models may in turn inform policy makers and 

assist forest managers in anticipating and planning to mitigate undesirable forest and fire 

responses to climate change.  Alluvial-sediment records can provide multi-millennial fire 

histories for particular watersheds and landscapes, illustrating changes in climate-driven 

fire activity.  These records are uniquely valuable because they can provide long-term 

estimates of changes in past fire severity (i.e., relative amount of forest overstory killed).  

There are relatively few fire history reconstructions described in the literature, however, 

especially when compared with the wealth of published fire regime reconstructions based 

upon tree-ring and lake/bog/meadow-sediment analyses.   

 

Our study presents a late Holocene record of fire activity for southwestern Colorado, 

derived from sampling charcoal-rich sediment deposits from the valley bottoms and 

alluvial fans of six tributary basins.  We reconstructed 34 fire events by radiocarbon 

dating of charcoal pieces within sediment deposits.  We developed a chronology of fire-

related sedimentation for the past 3,000 calendar years before present (cal yr BP).  

Among all basins, we observed increased high-severity fire events between 2,700 – 2,400 
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cal yr BP, 1,500 – 1,300 cal yr BP, 1,100 – 800 cal yr BP, 550 – 350 cal yr BP.  Low-

severity fire events dominated the record between 2,400 – 2,000 cal yr BP.  We compared 

our reconstructed fire histories with several independently-derived, tree-ring width based 

reconstructions of precipitation, PDSI and temperature covering the past 2,000 years.  

Episodes of severe fire activity were usually correlated with multi-decadal drought 

episodes.  These episodes were often preceded by periods of reduced climate variability 

and overall wetter conditions, which probably led to increased fuel accumulation and a 

greater probability of burning during subsequent dry events.  Our record shows the 

highest degree of correspondence with other alluvial-sediment records of the Southwest 

and western US during the period of 2,700 – 2,400 cal yr BP and 1,100 – 800 cal yr BP. 
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 B.2 Introduction: 

Annual area burned has increased in the southwestern US over the past 30 to 40 years, 

and has been related to drought and increasing temperatures of the past century (Grissino-

Mayer and Swetnam 2000; Williams et al. 2013).  This pattern follows an increasing 

trend in burned area across the western US, which has been associated with warming 

spring and summer temperatures and earlier spring snowmelt (Westerling et al. 2006).  In 

the Southwest, increased area burned been associated with drought conditions in both the 

pre-settlement (pre ~ 20th century) and modern periods (Swetnam and Betancourt 1998; 

Grissino-Mayer and Swetnam 2000).  Most notably, a dramatic increase in the size of 

individual fires in the past decade coincides with a multi-year “turn of the century” 

drought from 1999 to present (Cayan et al. 2010; Williams et al. 2010, 2013; Woodhouse 

et al. 2010).   

 

Paleoclimate records from throughout the Southwest and spanning the past 1,200 years 

indicate that the ‘turn of the century’ drought does not yet surpass drought conditions 

observed during the Medieval Climate Anomaly (Herweijer et al. 2007; Cook et al. 2009; 

Woodhouse et al. 2010; Williams et al. 2013).  The Medieval Climate Anomaly (MCA, 

900 to 1300 Common Era [CE]) was a period that spanned several centuries and 

exhibited relatively warmer temperatures and increased aridity across the western US 

(Cook et al. 2004; Trouet et al. 2013).  In the Southwest, many paleoclimate 

reconstructions show evidence of multi-decadal droughts during the MCA, specifically in 

the late 10th century, mid-12th century, and late 13th century (Grissino-Mayer 1996; Salzer 

and Kipfmueller 2005; Woodhouse et al. 2010; Routson et al. 2011).  The mid-12th 
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century drought was regionally extensive, lasted more than 12 years, and also occurred 

under anomalous warm conditions (Salzer and Kipfmueller 2005; Woodhouse et al. 

2010).  The mid-12th century and late-13th century droughts were expressed as more than 

10 years of exceptional low flow for the Colorado River (Meko et al. 2007).  The late-

13th century drought is also interpreted as one of the most extreme negative anomalies 

observed in a new drought index reconstruction combining precipitation and vapour-

pressure deficit (FDSI, Williams et al. 2013).  Paleoecological and paleoclimatic records 

from the Sierra Nevada of California and the Great Basin also show this period as 

exceptionally warm and dry (Stine 1994; Graham and Hughes 2007; Cook et al. 2009).  

This drought period also coincides with maximum fire frequencies in Giant Sequoia 

groves (Swetnam 1993; Swetnam et al. 2009). 

 

Projections of future climate indicate decreased precipitation for the Southwest and 

increased temperatures for the northern Hemisphere (Seager et al. 2007).  This 

combination will lead to increased drought severity throughout the region, with drought 

episodes projected to last more than two decades (Seager et al. 2007; Cayan et al. 2010).  

These projections suggest that droughts will surpass the ‘megadroughts’ observed during 

the MCA in both severity and duration by mid-century or earlier (Seager et al. 2007; 

Williams et al. 2013).  Since the onset of drought conditions at the turn of the 21st 

century, forest ecosystems have already experienced dramatic increases in mortality 

related to drought, forest fires and insect infestation (Allen et al. 2010; Williams et al. 

2010, 2013).  With current drought conditions expected to continue, severe and extensive 
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forest fires will likely continue over the next few years and throughout the next century 

(Williams et al. 2013).   

 

At the regional scale, the proportion of high-severity fire has been increasing over the 

past 30 years (Holden et al. 2007; Miller et al. 2008; Williams et al. 2010, 2013).  In the 

Southwest, the most dramatic changes has been an increase in the patch size of high-

severity fire with individual burn patches covering more than 1,000 hectares (Andrea 

Thode, personal communication). Some recent fires in the Southwest, for example, have 

resulted in total or near total tree mortality over areas of more than 3,000 ha.  For 

example, the 2011 Las Conchas Fire in the Jemez Mountains, NM re-burned areas that 

had previously been burned with high severity burn patches of varying sizes in the 1977 

La Mesa Fire, 1994 Dome Fire, and 2000 Cerro Grande Fire.  High-severity fires 

consume all litter and fuels in the understory and cause complete tree mortality, while 

also transferring a high amount of heat into the upper soil layers.    

 

One consequence of large high severity burn patches is that large soil surface areas 

become highly susceptible and vulnerable to wind and water erosion in the months 

following the fire.  Altered soil properties limits infiltration and dramatically increases 

post-fire runoff and soil erodibility (Shakesby and Doerr 2006).  On steep hillslopes, 

runoff and soil erosion are dramatically increased following average convective storms.  

When these exposed soil surface areas cover large portions of small watersheds, it leads 

to dramatic flood and debris flow events downstream from burned areas (Cannon et al. 

2001; Wondzell and King 2003).  In contrast, low-severity fires char understory litter and 
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fuels, while causing almost no overstory mortality with very little heat transferred to the 

underlying soil layers. 

 

The very large patch sizes (>1,000) of high-severity fire within recent fires in 

Southwestern ponderosa pine and mixed conifer forests are understood by most forest 

and fire ecologists and managers to be anomalies of 20th and 21st Century (Stephens et al. 

2013).  These are often associated with some combination of forest density and fuels 

changes as a consequence of fire suppression and other land use practices along with 

warming/drying conditions (Allen et al. 2002).  Tree-ring records indicate that prior to 

the late 19th century, stand densities were much lower and low-severity surface fires 

burned frequently in the understory of open forests, which helped maintain low tree 

densities and low fuel accumulations (Swetnam and Baisan 1996; Fulé et al. 1997).  

Relatively small patches of high-severity fire (<100 ha), however, did occur within some 

pine-dominant forests that also had relatively frequent surface fires (Iniguez et al. 2009).  

Ultimately, the exclusion of surface fires over the past century due to grazing practices 

and fire suppression policies have greatly contributed to the dense forest conditions today 

in many ponderosa pine and mixed conifer forests (Cooper 1960; Covington and Moore 

1994; Allen et al. 2002; Fulé et al. 2014) 

 

B.2.1 Fire-climate associations of past 400 years:  

Even with increasing fuel loads, the largest fire years since the 1970’s largest fire years 

have coincided with extreme drought years in the Southwest (Grissino-Mayer and 

Swetnam 2000; Williams et al. 2010, 2013).  Historically, as indicated by the tree-ring 
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record, extensive surfaces fires burned also burned extensively and across multiple sites 

during extreme drought years (Swetnam and Baisan 1996; Swetnam and Betancourt 

1998).  However, during the pre-settlement era, an additional requirement for extensive 

fire spread was the accumulation of sufficient understory fuels.  In the fuel-limited 

understory of ponderosa pine forests, increased moisture for two to three years promoted 

grass growth and fine fuel accumulation (Swetnam and Baisan 1996; Swetnam and 

Betancourt 1998).  When followed by a drought year, extensive surface fires burned 

throughout a landscape.  The switching between wet to dry climate conditions that 

influenced widespread fire years is often related to the ENSO (El Niño – Southern 

Oscillation) cycle, an ocean/atmospheric interaction that influences regional-scale 

increases (El-Niño) or decreases (La-Niña) in winter precipitation.  Historical variation in 

fire frequency and synchrony is strongly linked to the ENSO cycle, especially in lower-

elevation fuel-limited forests (Swetnam and Betancourt 1998).   

 

Variation in the amplitude of the ENSO cycle has been associated with differences in fire 

frequency and synchrony among fire history sites in the Southwest.  For example, many 

sites experienced fire-free intervals lasting between 20 – 40 years at different times in the 

past few hundred years (Grissino-Mayer et al. 2004; Brown and Wu 2005; Iniguez et al. 

2009).  These fire-free intervals were sometimes associated with reduced ENSO activity, 

when the inter-annual oscillation of wet to dry conditions was of much lower amplitude.  

This allowed for the establishment of seedlings in the understory, which resulted in 

extensive fire spread at the site level following these fire-free periods.  Following fire-

free intervals, it was also possible for localized fuel accumulations to support patches of 
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high-severity fire (~ 10 ha) on mesic, north-facing slopes (Bigio, Appendix A; Bigio et 

al. 2010). 

 

B.2.2 Holocene records of fire history:  

Tree-ring records and fire-climate associations of the past few hundred years are valuable 

for anticipating future wildfire behavior in response to climate warming and drying 

trends.  However, additional fire history data from periods of extended drought or 

warmer temperatures in the past can illustrate additional fire-climate associations.  There 

are two long-term fire history methods that span the Holocene and these are from 

charcoal deposited in lake/bog/meadows and charcoal contained within alluvial-sediment 

deposits.  This paper focuses on the development of an alluvial-sediment record from 

southwestern Colorado.   

 

Alluvial-sediment records are composed of charcoal-rich sediment deposits found in 

stream channels and alluvial fans (Meyer et al. 1995; Pierce et al. 2004; Frechette and 

Meyer 2009; Jenkins et al. 2011; Weppner et al. 2013).  Alluvial-sediment characteristics 

may be used to distinguish between peaks in low and high-severity fire activity (i.e., 

single or multiple events), which can then be associated with regional-scale climatic 

drivers over the mid-late Holocene.  Alluvial-sediment data are combined from 

stratigraphic sections in several small, tributary drainage basins, where synchronous fire 

events observed across multiple basins represent increased regional fire activity.  These 

records are similar to most lake-sediment charcoal records in length and temporal 

resolution, although alluvial-sediment records generally exhibit more precise information 
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about the location, relative size and severity of past fires.  The spatial scale of inference 

for an individual alluvial-sediment sample is the contributing area of a tributary basin (1 - 

10km2) which is roughly equivalent to the area of inference for tree-ring methods.  Fire 

severity information is derived from sediment characteristics of individual deposits and 

interpretive methods have been developed using hundreds of modern observations of fire-

related erosion and deposition (Meyer et al. 1995; Pierce et al. 2004; Frechette and 

Meyer 2009; Jenkins et al. 2011).  Once samples are composited from multiple sites, they 

represent variations in fire activity for an area equivalent to a small mountain range (i.e. 

100 km2).   

 

Seven alluvial-sediment records have been developed from the western US, and five of 

these sites are located in the Southwest (Meyer et al. 1995; Pierce et al. 2004; New 2007; 

Frechette and Meyer 2009; Jenkins et al. 2011; Fitch 2012; Weppner et al. 2013).  

Although the numbers of these records are growing, they are very sparse when compared 

to the distribution of lake sediment and fire-scar records across the western US (Marlon 

et al. 2012).  We developed an alluvial-sediment fire history record for the San Juan 

Mountains of southwestern Colorado.  The current study aims to expand on the current 

understanding of fire-climate associations for the late Holocene by a new location to the 

existing collection of alluvial-sediment records.  With our dataset, we aim to answer the 

following questions:  

 

1) Is there evidence of high-severity fire during the Medieval Climate Anomaly or other 

periods of the late Holocene? 
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2) What are the fire-climate associations during each period of increased fire activity? 

3) How do fire events reconstructed over the late Holocene compare with recent a fire 

event in the study area in terms of size and severity? 

 

B.2.3 Study area: 

Our study area is encompassed by the Missionary Ridge Fire area, an extensive wildfire 

that burned more than 30,000 ha in 2002 (USDA Forest Service 2002).  This burned area 

covers many steep, tributary basins (1 – 10 km2), which drain into broad glacially-carved 

valleys (Figure 1).  Many of these basins burned with a large proportion of moderate and 

high-severity fire, and most of the severely-burned basins experienced significant post-

fire geomorphic responses (debris flows and sediment-laden floods) following the fire 

(Cannon et al. 2003).  The increased erosion and runoff followed short-duration, high-

intensity convective storms and created deep incisions in the valley bottom and alluvial 

fan sediments.  We searched for natural exposures of alluvial sediment in several 

tributary drainages, and found many exposures exhibiting older charcoal-rich alluvial 

deposits (Figure 2).   

 

The study area ranges in elevation from approximately 2,000 m in the valley floor of the 

Animas Valley to 3,000 meters along upper watershed boundaries.  The largest 

watersheds on the west side of the study area exhibited this maximum elevation gain, 

while smaller watersheds on the east side exhibited ~300m of relief.  Bedrock types are 

horizontally-bedded limestones, shales and sandstones from the late Pennsylvanian to 

middle Jurassic periods (Carroll et al. 1999).  The most extensive bedrock types in the 
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study watersheds are Cutler sandstone (Permian) and the Dolores shale and siltstone 

formation (Upper Triassic).  Some members of the Cutler and Dolores formations are 

very erodible and contribute a major portion of the fine sediments to the valley bottom.  

The dominant soil types are sandy loams with small areas of quaternary glacial deposits 

(Blair and Gillam 2011).  On the western side of the study area, ponderosa pine (Pinus 

ponderosa) with Gambel oak (Quercus gambelii) understory dominates on the south-

facing aspects.  On north-facing aspects, mixed conifer forests contained a greater 

proportion of Douglas-fir (Pseudotsuga menziesii) and white fir (Abies concolor).  

Towards the eastern side, forest cover is a more homogenous mixed conifer forest with 

aspen patches.  The mean annual temperature for the region is 8.3 oC and the mean 

annual precipitation is 49 cm with approximately 60% as snow and 30% as convective 

storms in the summer months (www.wrcc.dri.edu).  These climate averages were 

calculated from measurements taken at a station in Durango, Colorado, a few hundred 

meters below the study basins.  Average climate conditions in the study basins will have 

cooler temperatures, more precipitation and a greater proportion of snow.   

 

B.3 Methods: 

B.3.1 Sedimentology: 

We sampled stratigraphic exposures located on the alluvial fans and upper stream 

channels of the six watersheds (Table 1).  At each exposure, we measured the total height 

and described all individual stratigraphic units.  Exposure height ranged between 2 to 6 

meters, and we described several meters in lateral extent.   We delineated individual 

sediment deposits according to changes in sedimentary structures and sorting, which were 
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often abrupt and sometimes exhibited evidence of a burned soil surface.  For each 

deposit, we measured the unit thickness, described boundary transitions and recorded 

several characteristics of the sedimentology.  These included bedding structures, the 

degree of sorting, clast-supported vs. matrix-supported fabric, imbrication of the clasts (> 

64 mm), and texture of the fine sediment portion (< 2mm) (Meyer et al. 1995; Pierce et 

al. 2004).  We sampled bulk sediment (~ 1 L) from relatively thick deposits, regardless of 

visible charcoal content.  When a stratigraphic section was dominated by many thin units 

of well-sorted sediments, we prioritized sampling where charcoal was concentrated.  

When a stratigraphic unit was composed of clast-supported cobbles, we searched for and 

sampled fine-grained lenses within the deposit.  In some cases, we found fine-grained 

layers at the upper or lower boundaries of relatively coarse deposits. 

 

We classified all deposits as streamflow, hyperconcentrated flow or debris flow based on 

the degree of sorting, clast imbrication, stratification, and the texture and cohesiveness of 

the matrix material. We followed descriptions, photos and guidelines provided by Costa 

(1988); Meyer and Wells (1997) and Cannon and others (1998).  Debris flow deposits 

were poorly-sorted mixtures of cobble and boulder-sized clasts supported by a matrix of 

fine-grained sediments.  The clasts were randomly oriented in the matrix, and the matrix 

varied from resistant, clay-rich material to relatively less cohesive, sandy sediments.  

Hyperconcentrated flows were clast-supported with slight imbrication of clasts and 

relatively better sorting than debris flow deposits.  There was a small proportion of fine 

sediments (clays, silts, sands) mixed with the clasts and these deposits sometimes 

exhibited grading within the deposit (i.e., upward fining).  Fine sediment layers of 
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weakly-stratified silt to coarse sand were sometimes observed within hyperconcentrated 

flow deposits.  Yet, we also found relatively thick, massive deposits of fine sediments 

with no stratification and very few cobbles suspended in the matrix.  Streamflow or 

overbank flood deposits were composed of well-sorted layers of fine sand to pebble-sized 

sediments, and were often relatively thin units with little cohesion.   

 

B.3.2 Charcoal context and sampling: 

Charcoal was found in three types of deposits: (1) matrix of debris flow deposits or 

hyperconcentrated flow (HCF) units (2) fine-grained units along deposit boundaries (3) 

burned soil surfaces preserved in the stratigraphy.  Charcoal concentrations were 

sometimes observed as diffuse grey banding within hyperconcentrated flow or debris 

flow units.  In streamflow deposits, charcoal was occasionally concentrated into lenses, 

suggesting the sorting and pooling of charcoal by fluvial processes.  We sampled 

charcoal where it was concentrated within a deposit, and charcoal was also derived from 

the bulk samples from the relatively thick stratigraphic units.  For all samples, we 

separated and cleaned charcoal from sediment by floatation from a 0.5 L amount of 

sediment.  For each floatation sample, we described the charcoal fragment size, shape 

(rounded to angular) and material type (xylem, twigs, bark and needles).  We categorized 

the relative amount of charcoal for a 0.5L sample as low, moderate or high. 

 

Burned soil surfaces were identified by concentrations of black, silty fine material, with 

pieces of angular charcoal scattered within the layer.  These surfaces sometimes 

contained an ash layer within the blackened fine material.  When charcoal was floated 
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from these burned soil surfaces, there were abundant twigs, needles and angular 

fragments of wood xylem.  These burn surfaces extend laterally (and often horizontal) 

across an exposure with abrupt upper and lower boundaries (Figure 2).  Observations of 

modern burned soil surfaces were similar, and exhibited a composition of silty, blackened 

fines with charred needles, twigs and bark fragments.  In the stratigraphy, the burned soil 

surfaces often exhibited a strong contrast to the red-colored sediment derived from the 

Cutler sandstone bedrock (Figure 2).  

 

B.3.3 Modern geomorphic responses to Missionary Ridge Fire: 

We used the geomorphic responses to the Missionary Ridge Fire in 2002 as modern 

analogs to interpret the occurrence and severity of fires based on the alluvial stratigraphy.  

Geomorphic responses ranged from localized ash and muck flows to large sediment-

laden flood and debris flow events (Cannon et al. 2003).  During our fieldwork from 

2008 to 2012, we described and sampled post-Missionary Ridge sediment deposits, 

where they were still preserved on the landscape.  We sampled 11 examples of debris 

flow and sediment-laden flood deposits, which were located along incised channels.  

Similar to the alluvial sediment samples, we floated charcoal from the modern deposits 

and reviewed charcoal content, quality and material type.  We also sampled fine-grained 

‘muck’ deposits on three terrace surfaces and four recently burned soil surfaces in the 

upper reaches of Haflin and Steven’s Creek.   

 

Charcoal content was variable in the modern deposits.  Three of the debris flow deposits 

had a very dark matrix color with abundant charred wood fragments, needles and twigs.  
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The charcoal-rich deposits, including the fine-grained muck deposits on terrace surfaces, 

likely represent the initial geomorphic response during the summer season following the 

fire.  The abundant charcoal and ash were likely eroded from the hillslopes in the first or 

second thunderstorm of the season.  However, several of the modern debris flow deposits 

had little charcoal and the matrix was composed of relatively sandy sediments.  It was 

noted by Cannon and others (2003) that debris flows occurring later in the summer 

season were relatively smaller in clast-size and magnitude, and some of the drainages 

produced sediment-laden floods rather than debris flows.   

 

The modern observations suggest that charcoal-poor debris flow deposits in the 

stratigraphic record may still be related to fire.  One explanation for charcoal-poor 

deposits is that they represent late-season geomorphic responses, when the majority of 

ash, charcoal and fine sediments were already eroded from hillslopes of the contributing 

area.  Without vegetation cover on the slopes, there was still increased runoff and 

sediment available for debris flow activity, but these debris flows generally had less fine 

material and less charcoal.  An alternative explanation for charcoal-poor debris flow 

deposits is the separation of different phases of flow during a single debris flow event.  

This can result in the separation of charcoal and fine sediments from coarse, bouldery 

deposits with a sandy matrix.  The charcoal-rich phase of the flow is deposited on the 

distal end of the alluvial fan (Meyer and Wells 1997; Frechette and Meyer 2009).  In 

summary, bouldery deposits in the stratigraphic record may be associated with severe fire 

in the contributing watershed, even though they contained very little charcoal.  However, 

we also consider that heavy rainfall on a relatively small area of high-severity fire may 
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have generated hyperconcentrated flows and debris flows with little charcoal.  Therefore, 

whenever possible, we used other criteria (i.e. burned soil surfaces, deposit thickness) to 

increase our confidence in the interpretation of fire-related sedimentation events in the 

stratigraphic record.   

 

B.3.4 Association with fire in the stratigraphic record: 

We used sediment characteristics, stratigraphic context and charcoal content to associate 

each stratigraphic unit with a fire event in the contributing area of the watershed.  Our 

classification criteria were based on the modern analogs described above, along with 

examples from the literature on fire-related alluvial stratigraphy (Meyer et al. 1995; 

Frechette and Meyer 2009; Jenkins et al. 2011)  The association with fire for each deposit 

has the following categories (1) certain fire-related, (2) possible fire-related and (3) not-

fire related.   

 

Certain fire-related deposits: If a debris flow, hyperconcentrated flow or streamflow 

unit had abundant, angular charcoal in the matrix and the unit was overlying a burned soil 

surface, then the deposit was very likely related to fire.  If a debris flow or 

hyperconcentrated flow deposit contained little charcoal, then we considered other 

diagnostic features of the stratigraphy.  For example, if the matrix had a darkened color 

or the unit was overlying a burned soil surface, then the deposit was still confidently 

associated with fire.   
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Possible Fire-related deposits: If a debris flow or hyperconcentrated flow contained a 

relatively low amount of angular charcoal and no other diagnostic features (matrix color, 

burned soil surface) were noted, then the unit was possibly associated with fire.  This was 

because of the low charcoal content observed in the modern analogs.  The association 

was considered less certain, due to the possibility reworking charcoal from older 

sediment deposits. Some of the streamflow or HCF deposits in the stratigraphic record 

exhibited an abundant amount of rounded charcoal, suggesting possible reworking of 

charcoal from an older deposit.  Yet transport in turbulent conditions following a severe 

fire could also result in abundant rounded charcoal within a deposit, and therefore, these 

units were classified as possible fire-related.  In these cases of possible fire-related 

deposits, we reviewed other sediment characteristics of the deposit, when making further 

interpretations of fire event size. 

 

Not fire-related: If a streamflow or an HCF deposit had a low amount of rounded 

charcoal, which was clearly reworked charcoal from older deposits, then these units were 

classified as not fire-related.  Furthermore, if the radiocarbon date was much older than 

underlying units (also reworked charcoal), then we classified the deposit as not fire-

related. If no charcoal was described in the field notes and the floatation did not yield any 

charcoal for analysis, then the deposit was classified as not fire-related.   

 

B.3.5 Fire-severity interpretations: 

One aim of this study was to compare the fire events from our alluvial-sediment record 

with the recent Missionary Ridge Fire in the study area.  As we reviewed in the 
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introduction, fire effects on the ecosystem range from low- to high-severity and these can 

be interpreted at a range of spatial scales (Keeley et al. 2009).  For interpretation of 

historical fire severity, the scale of inference was the contributing area above the 

sampling location of the deposit (Table 1).  This was usually the alluvial fan at the 

watershed outlet and sometimes the area above a midway point in the upper stream 

channel.  We interpreted fire-related deposits to represent either low or high-severity fire 

covering a large proportion of the contributing area.  The extensive, low-severity fires 

were considered to be similar to widespread surface fires documented prior to the 20th 

century using tree-ring methods.  Over the past 400 years, widespread low-severity fires 

burned every ~25 years at the scale of an individual study basin and sometimes included 

a small patch of high-severity fire (< 10 ha) on the north-facing slopes (Bigio et al. 2010; 

Bigio, Appendix A).  In contrast, the recent Missionary Ridge fire burned each basin with 

at least 80% moderate- and high-severity fire (Table 1) with many large patches (~ 200 

ha) of complete consumption of litter, duff and overstory tree mortality (USDA Forest 

Service 2002).  

 

We interpreted all debris flow deposits as evidence of extensive high-severity fire in the 

contributing area of the basin, regardless of charcoal content or deposit thickness.  If the 

debris flow deposit contained abundant charcoal and was overlying a burned soil surface, 

then we had greater confidence with this interpretation (‘certain fire-related’).  If debris 

flow deposit had little charcoal, we still classified the deposit as representing an extensive 

high-severity fire (‘possible fire-related’).  In most cases, the possible fire-related debris 

flow deposits had replicated dates (see chronology section below) with other fire-related 
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deposits elsewhere in the watershed.  If a debris flow deposit had little charcoal and was 

not confirmed by any other fire-related evidence elsewhere in the watershed, then we 

marked these deposits in the analysis.  If a hyperconcentrated flow had abundant charcoal 

and dark matrix color (‘certain fire-related’), then we also used these deposits as evidence 

of extensive, high-severity fire.  We interpreted HCF deposits with little charcoal 

(‘possible fire-related’) as evidence of extensive low-severity fires.   We interpreted all 

charcoal-rich streamflow deposits as representing extensive low-severity surface fires at 

the scale of the contributing area above the sampling location.   

 

B.3.6 Chronology of events: 

Each floatation sample of charcoal was surveyed for annual material, such as charred 

needles and twigs.  These charcoal types were prioritized for radiocarbon dating, 

followed by angular fragments of detrital charcoal.  Usually, a single piece of charcoal 

from each deposit was submitted for a radiocarbon date at the Accelerator Mass 

Spectrometry (AMS) Laboratory at the University of Arizona.  In some cases, one piece 

of charcoal was submitted for a burned soil surface and second piece from the matrix of 

the overlying deposit.  All radiocarbon dates were calibrated to calendar years with the 

Calib 6.1.0 program and the IntCal09 calibration curve  (Stuiver and Reimer 1993; 

Reimer et al. 2009).  The calibrated calendar age for each radiocarbon date is a 

probability distribution with variable peaks covering the 2-sigma age range.  We 

calculated the weighted average of the calendar age distribution as the best single value to 

use for data analysis and evaluating sample depth over time (Telford et al. 2004; Fitch 

2012).   
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We used the weighted average of each date to plot histograms of the number of fire 

events binned per century.  We plotted all fire events by watershed and confidence level 

(certain fire-related, possible fire-related) to observe patterns in space and time.  We 

usually sampled 2 to 3 exposures within the alluvial fan of each watershed (Figure 1).  In 

the two largest watersheds (Haflin Creek and Steven’s Creek), we also sampled multiple 

exposures along approximately a 1 km reach in the upper stream channel.  The 

stratigraphic context here suggested that it was possible to sample the same post-fire 

geomorphic response at multiple locations within the same watershed.  We recorded 

several instances where a radiocarbon date was replicated at different exposures within 

the same watershed or alluvial fan.  A replicated date was identified when the weighted 

average of the radiocarbon date was within a 50-year period of another date.  Following 

this, we chose a single date from each century to represent a fire event for the basin.  

When there were 2 to 3 replicated dates per century within a basin, then we used the date 

from the exposure with the clearest stratigraphy and most charcoal to represent the fire 

event.  Synchronous fire activity was identified when fire events from multiple 

watersheds had a weighted average value within the same century bin.  Although the 

error associated with radiocarbon dating spans 200 – 300 years, the close timing of 

weighted average values suggested that it may have been the same fire event burning 

across all watersheds, or multiple fire events  burning within a short time frame (i.e. 

within the same century). 
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B.3.7 Fire-climate associations: 

There were several high-resolution paleoclimate records covering the past 2,000 years for 

comparison with our record of fire-related sedimentation (Figure 5 b,c,d).  We plotted a 

summer PDSI (Palmer Drought Severity Index) reconstruction for the Four-corners 

region using an average of four gridpoints (103, 104, 118, 119) from the North American 

Drought Atlas (Cook 2008).  The PDSI record was smoothed with a 75-year spline for 

plotting, although we reviewed annual data for specific periods of interest.  We plotted a 

regional-scale temperature for the Colorado Plateau with a 50-year spline and centennial-

scale temperature record for western US (Salzer and Kipfmueller 2005; Trouet et al. 

2013).  In addition, we reviewed a 2,000-year record of cool-season precipitation for the 

San Juan Mountains, a 1,200-year reconstruction of Southwest Drought Area Index, and 

a 1,200-year record of streamflow for the upper Colorado River Basin (Meko et al. 2007; 

Woodhouse et al. 2010; Routson et al. 2011).   

 

As a guide for analyzing fire-related sedimentation responses to climate, we reviewed 

fire-climate associations developed from modern observations and tree-ring records of 

the past 400 years.  In this region, the climate is generally arid enough that multiple 

drought years are not required for fuels to dry out, even at higher elevations (Swetnam 

and Baisan 1996; Grissino-Mayer and Swetnam 2000; Margolis and Balmat 2009).  

Therefore, we suggest that multi-decadal drought is not a requirement for increased 

surface fire activity, although it may increase the probability of fire occurrence.  

However, in order for surface fires to spread extensively and/or for severe fire behavior 

to occur, then there must be a sufficient amount and continuity of fuels on the landscape.  
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In the tree-ring record, fire-free intervals of 20 – 40 years (promoted by climate or 

topography) promoted accumulation of fine fuels and possibly small-diameter trees in the 

understory (Brown and Wu 2005; Iniguez et al. 2009).   The increased fuels promoted 

extensive low-severity fires to spread during extreme drought years, and sometimes 

promoted high-severity fire in some locations.  The longest fire-free interval in the study 

area was during the past century, when land-use changes greatly contributed to increased 

fuel loads.  Furthermore, there were two pluvial periods from 1905 – 1917 and 1976 – 

1989, which also contributed to the heavy fuel loads of the late 20th century, especially 

since the most recent pluvial occurred under warmer temperatures (Swetnam and 

Betancourt 1998; Fye et al. 2003).  We suggest that periods of multi-decadal wet 

conditions in the paleorecord could have promoted sufficient vertical fuel accumulation 

(possibly approaching levels observed at the end of the 20th century), which could lead to 

more severe fire behavior (Roos and Swetnam 2011).  Therefore, in addition to episodes 

of drought and elevated temperatures in the paleoclimate data, we also looked for pluvial 

periods preceding peaks in fire activity.   

 

B.4 Results:  

B.4.1 Sampling and chronology development:  

We measured and described 23 exposures in five watersheds.  We submitted between 1 

and 6 radiocarbon dates for each exposure for a total of 60 radiocarbon dates. Multiple 

pieces of charcoal were sometimes dated for a single deposit, and in these cases, we 

chose the youngest date to represent the age of the deposit.  When a radiocarbon date for 

a deposit was older than the date for an underlying unit it was interpreted as reworking of 
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charcoal from an older fire event.  We discarded dates (n = 16) that were duplicates of the 

same deposit or too old for their stratigraphic context.  Ultimately, we had 48 radiocarbon 

dates representing fire-related sedimentation events across six watersheds.  These 

included four dates from the Country Market drainage near the Vallecito Reservoir 

(Figure 1) representing four significant fire-related deposits from a prior study (Bigio et 

al. 2010).   

 

Of these 48 deposits, 30 were classified as “certain fire-related” and 18 were classified as 

“possible fire-related”.  Figure 3 shows the weighted average values (binned by century) 

for 48 fire-related deposits separated by watershed.  The majority of dates were recorded 

in Haflin Creek and Steven’s Creek.  These watersheds showed distinct clusters of fire 

events from about 2,600 to 300 cal yr BP.  There were fewer samples from the four 

smaller watersheds, yet it was still possible to identify clusters of dates in their records.  

After we selected a single date for each basin in each century, the resulting chronology 

was composed of 34 fire-related sedimentation events for the study area (Figure 3).  The 

majority of the dates in the final group were assigned a certain fire-related interpretation.   

 

Each of the 34 dates was used to interpret a ‘high-severity’ or ‘low-severity fire covering 

an extensive portion of the contributing area.   In most cases, we were confidant with the 

interpretations of high-severity fire, because there were replicated dates from other fire-

related deposits found elsewhere within the same drainage basin.   We reviewed the 

sediment characteristics and fire-severity interpretation of the deposit with the replicated 

date to confirm the interpretation of each primary deposit.  In two cases, a debris flow 
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deposit did not have a replicated date elsewhere in the watershed, and the charcoal 

content was of low quantity and quality.  These deposits were retained for further 

analysis, although they are noted in Figure 4 and Table 2 with an asterisk.   

 

B.4.2 Chronology of fire events: 

The oldest date in the record was a thick, debris flow unit with darkened matrix and 

moderate charcoal content found in the upper portion of Haflin Creek (Figure 4, Table 3).  

This deposit dates to 4,642 cal yr BP and was used to interpret an extensive high-severity 

fire covering the upper portion of Haflin Creek.  This event is not found elsewhere in the 

study area, and the channel in Haflin Creek has been incised down to bedrock throughout 

most of the upper reach of the canyon.  In Steven’s Creek and Haflin Creek, we dated 

stratigraphic units near the base of each exposure, and in many cases, this was within two 

meters of bedrock.  Aside from the oldest deposit described above (which was in the 

upper most exposure), the oldest dates from the exposures in Haflin Creek ranged 

between 1,700 – 1,000 cal yr BP.  In Steven’s Creek, the basal dates of each exposure 

ranged between 2,400 to 1,300 cal yr BP.  

 

We displayed all ‘certain’ and ‘possible’ fire events in a single histogram for the entire 

record back to 4,600 cal yr BP (Figure 4a).  A cluster of fire-related sedimentation events 

is visible between 2,700 – 2,000 cal yr BP.  Following this cluster, there was a period of 

no fire-related sedimentation between 2,000 and 1,800 cal yr BP.  Starting around 1,500 

cal yr BP, there was continuous fire-related sedimentation until 200 cal yr BP.  Within 

this extended period fire-related sedimentation, there were three periods when fire events 
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were synchronous in at least two watersheds in the same century.  The first cluster is 

between 1,500 to 1,300 cal yr BP, the second is between 1,100 and 900 cal yr BP, and the 

third is at 500 cal yr BP.   

 

We plotted two histograms of the high-severity and low-severity fire events over the 

entire record.  The majority of fire events were composed of high-severity fires (n = 23) 

compared with low-severity events (n = 11) throughout the record (Figure 4 b,c).  We 

summed the calendar age probability distributions of the ‘high-severity’ and ‘low-

severity’ events for the past 3,000 cal yr BP (Figure 5d). This revealed four distinct peaks 

in high-severity fire activity, and these represent multiple fire events in different 

watersheds occurring over one to three centuries.  The timing of peaks is the following: 

2,700 – 2,400 cal yr BP; 1,500 – 1,300 cal yr BP; 1,100 – 800 cal yr BP and 550 – 350 

cal yr BP.  There was one major peak in low-severity fire activity from 2,400 to 2,000 cal 

yr BP.  In the recent part of the record (400 – 100 cal yr BP), there was an equal 

contribution of low and high-severity fire events to the record.   

 

The peak in low-severity peak fires was composed of data from two study basins.  In the 

Marina basin, the stratigraphy suggested a unique context where evidence of low-severity 

fires may have been preserved with relatively high-resolution compared with other time 

periods.  There was a tall exposure composed of many fine-grained streamflow deposits 

with several charcoal lenses.  This exposure had a debris flow unit at the base, which 

suggests blockage of the channel and followed by rapid sedimentation of several 

relatively thin, streamflow deposits.  All of the fine-grained sediments dated to between 
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2,300 to 2,100 cal yr BP (Figure 4, Table 2).  The timing of streamflow deposition at the 

Marina drainage was confirmed by two streamflow deposits (‘low-severity’ events) in the 

Steven’s Creek drainage.   

 

B.4.3 Fire-climate associations:  

The earliest peak in high-severity fire (2,700 – 2,400 cal yr BP) was at the end of a 

Neoglacial period of cooler and wetter climates across the western US spanning between 

4,600 – 2,600 cal yr BP (Armour et al. 2002).  There were not high-resolution 

paleoclimate records available at this time, and we compared our record with other lake-

sediment records of fire history and vegetation change from the San Juan Mountains 

(Toney and Anderson 2006; Anderson et al. 2008).  The lake-sediment records were 

located in mid to high-elevation forests and illustrated trends in fire event frequency and 

forest composition over the past ~ 12,000 cal yr BP.  One subalpine lake showed the 

lowest fire frequencies associated with dense forest conditions and cooler and wetter 

climates between 4,100 – 2,600 cal yr BP (Toney and Anderson 2006).  At the end of this 

period, the forests transitioned to more open conditions and fire event frequencies 

dramatically increased to their highest levels during the Holocene.  The shift in forest 

density and fire frequency corresponds to our peak in high-severity fire between 2,700 – 

2,400 cal yr BP.  The peak in low-severity fires starting around 2,400 – 2,000 cal yr BP 

could relate to more open forest conditions and more arid climatic conditions reached at 

the end of the Neoglacial transition. Many lake sediment records reach their highest fire 

event frequencies following this transition, which is attributed to more open forests 

between ~2,000 – 1,000 cal yr BP (Allen et al. 2008; Anderson et al. 2008).   
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The next peak (1,500 – 1,300 cal yr BP) (500 – 700 CE) was preceded by a minor 

increase in average moisture availability (PDSI) for a two decades (Figure 5c).  During 

the peak itself, there were no significant multi-decadal drought episodes.  However, a 

review of annual PDSI values (not pictured in Figure 5) showed many individual extreme 

dry years during this 200 year window.  The temperature reconstruction for the Colorado 

Plateau indicated an extended warm period coinciding with a period of moderately-wet 

conditions, suggesting favorable climatic conditions for fuel accumulation (Salzer and 

Kipfmueller 2005).  If fire had ignited during any extreme drought year following the 

moderately-wet period, it could have led to high-severity fire activity.   In addition, a 

2,000-year precipitation reconstruction for the San Juan Mountains showed three 

centuries of above average precipitation at this time (Routson et al. 2011).    

 

The next peak in high-severity fire activity occurred from 1,100 – 800 cal yr BP, which 

coincided with the Medieval Climate Anomaly.  Prior to the peak, a few paleoclimate 

records show reduced variability between wet and dry conditions for a few decades 

ending around 1,000 cal yr BP (Meko et al. 2007; Cook 2008).  It is possible that severe 

fire behavior around 1,000 cal yr BP resulted from fuel accumulation during this prior 

period of reduced climatic variability.  The high-severity fire activity coincided with a 

multi-decadal drought period around 1000 cal yr BP (Figure 5c,d).  Following this, within 

the middle of the high-severity peak, there was one significant pluvial period lasting from 

approximately the 940 – 880 cal yr BP (1060 – 1120 CE).  Towards the end of the 

Medieval high-severity peak, there was a significant multi-decadal drought period 
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observed in many paleoclimate reconstructions in the mid-12th century (Meko et al. 2007; 

Woodhouse et al. 2010; Routson et al. 2011; Williams et al. 2013).   

 

The final peak in high-severity fire activity occurred between 550 – 350 cal yr BP, 

following a significant pluvial that started around 700 cal yr BP (early 14th century) 

(Meko et al. 2007; Margolis et al. 2011).  This pluvial period also coincided with a 

period of reduced surface fire frequency as indicated by a reconstruction of low period in 

fire frequency for the region (Roos and Swetnam 2011).  It is likely that sufficient fuel 

accumulated during this pluvial and associated reduced fire frequency period, and that 

severe fires occurred during a moderate but extended drought around 550 cal yr BP (mid 

to late 15th century) (Salzer and Kipfmueller 2005; Meko et al. 2007; Williams et al. 

2013).  It is also possible that a severe drought around 420 cal yr BP (late 16th century) 

was responsible for the peak in severe fires because it follows a moderate pluvial between 

around 450 cal yr BP (mid16th century) (Fye et al. 2003).  

 

B.5 Discussion: 

B.5.1 Fire-climate associations:  

The alluvial-sediment data illustrates four periods of increased high-severity fire activity 

prior to the availability of tree-ring records around 400 years ago (1650 CE).  Each of 

these peaks is composed of at least two synchronous fire events in different watersheds 

and each covers an age range of 200 – 300 years.  We suggest that synchronous fire 

events represent overall larger fires, and may be associated with top-down climatic 

drivers (e.g., local or regional drought).   
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The earliest peak in fire activity coincides with the end of a Neoglacial period, when 

increased vegetation density and periglacial activity was evident in several lake sediment 

records from Colorado and northern New Mexico (Fall 1997; Armour et al. 2002; Toney 

and Anderson 2006).   It was not possible to compare this earliest peak with high-

resolution paleoclimate data, but we can infer climatic influences from transitions in 

forest density and fire activity using lake-sediment in the region (Toney and Anderson 

2006; Anderson et al. 2008).  Climates transitioned from generally cooler and wetter 

(likely during the summer season) to warmer and drier across the western US.  In 

response to this, forests in the San Juan Mountains generally became more open and fire 

frequency peaked around 2,000 cal yr BP in many lake-sediment records from across the 

range (Anderson et al. 2008).   

 

The peak in low-severity fires between 2,400 – 2,000 cal yr BP coincided with a 

transition to more open forests and increased fire frequency across the range (Anderson et 

al. 2008).  The stratigraphy suggested that low-severity fires were common or frequent 

during this phase than at any other time in the past 3,000 years.  Given the unique 

preservation of fine-grained sediments in the Marina basin, the dominance of low-

severity fires may partially be related to a local geomorphic context rather than a shift in 

regional fire activity.  Therefore, it may be that low-severity fires were equally common 

throughout the record, but that a bias in preservation suggested a shift in fire severity at 

the time. On the other hand, there are two streamflow deposits from the Steven’s Creek 

drainage with two low-severity fire events contributing to the peak between 2,400 – 
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2,000 cal yr BP.  The synchrony of low-severity fires among two basins is also unique for 

the record (Figure 4c), since there was typically only one low-severity fire event per 

century, if any were preserved.   

 

Climatic explanations for shifts in fire severity around 2,400 cal yr BP may include 

changes in the amplitude or frequency of the ENSO cycle.  Proxy records of ENSO 

indicate a sharp increase in the frequency and intensity of El Niño events around 2,000 

years BP (Conroy et al. 2008).  This suggests that although winter precipitation over the 

Southwest may have increased in response to more frequent and intense El Niño events, 

there may have also been a transition to more frequent switching between wet and dry 

conditions.  It is also possible that summers became warmer and drier compared with the 

cooler and wetter climate of the Neoglacial period.  Longer, drier summers may have 

influenced the shift to the increased frequency of low-severity fires observed in the lake-

sediment records and our alluvial-sediment record.    

 

For the past 2,000 years, our main fire-climate interpretation was that high-severity fires 

increased during single or multi-year droughts following fire-free intervals.  Many of the 

peaks in high-severity fire coincided with multi-decadal drought.  In the case of the 

second peak (1,500 – 1,300 cal yr BP), there were only single, extreme drought years 

which coincided with the peak.   However, during the Medieval period (1,100 – 800 cal 

yr BP), there were two significant droughts that coincided with the broad peak in fire 

activity.  The first was around early 11th century, and the second occurred during the mid-

12th century.  Both of these extended droughts coincided with regional and western 
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Hemisphere increases in temperature (Salzer and Kipfmueller 2005; Trouet et al. 2013).  

The largest peak in high-severity fire activity around 650 – 450 cal yr BP was associated 

with two possible drought periods: the mid-15th century drought and the late 16th century 

drought (Cook 2008).   

 

The possibly more significant driver of the timing of high-severity fire peaks were the 

preceding periods of cooler and wetter climatic conditions lasting two – three decades, 

likely leading to extended fire-free intervals.  As described above, in the past 400 years in 

the San Juan Mountains, climatically-induced fire-free intervals of 30 – 40 years 

promoted tree establishment and fuel accumulation.  We interpret that fire-free intervals 

over the past two thousand years may have been equivalent in length and sometimes 

longer.  Within the peak in high-severity fire during the Medieval period (1,100 – 900 cal 

yr BP), there was a significant pluvial recognized across the western US between 1075 – 

1121 CE (Woodhouse et al. 2005; Cook et al. 2009).  This pluvial occurred within a 

period of elevated temperatures across the western US, which may have created favorable 

conditions for understory tree growth during wet years (Trouet et al. 2013).  One 

consideration is that this pluvial was not clearly expressed in other local and regional 

paleoclimate reconstructions (Salzer and Kipfmueller 2005; Meko et al. 2007; Williams 

et al. 2013).  In the case of the second peak (1,500 – 1,300 cal yr BP) the prior wet 

conditions were not significant, but coincided with warm temperatures, which may have 

also promoted fuel accumulation.   

 



 
 

122 
 

The multi-decadal shifts between wet and dry conditions associated with increased fire 

activity may be influenced by the Pacific Decadal Oscillation (PDO) (Mantua and Hare 

2002).  The oscillation represents multi-decadal shifts in northern Pacific Ocean 

temperatures, which have persistent climate impacts across the western US.  Negative 

PDO (cool-phase) anomalies typically persist for several decades and have been 

associated with drought conditions in the Southwest (Mantua and Hare 2002).  Positive 

PDO (warm-phase) anomalies also persist for several decades and have been associated 

with anomalously wet conditions in the Southwest.  A PDO reconstruction exhibits multi-

decadal periodicity over the past 1,200 years (Macdonald and Case 2005).  During the 

Medieval period, the PDO had average values below the long-term mean of the record, 

generally associated with overall increased drought area for the western US (Cook et al. 

2004).  However, within this negative phase of the PDO, positive PDO values were 

evident for several decades around the late 11th century, corresponding to the western-

wide pluvial period described above (Woodhouse et al. 2005; Cook et al. 2009).   There 

was also a positive phase of the PDO index that coincided with the long pluvial in the 

early 14th century.    

 

One interesting feature of the 1,200-year PDO reconstruction is an extended period of 

positive index values from 1450 to 1600 AD (550 – 400 cal yr BP).  The extended period 

of positive-phase PDO coincides with the largest peak in high-severity fire of our 

alluvial-sediment record.  The overall wetter conditions influenced by the PDO could 

have promoted significant fuel accumulation during this period, so that fires were 

extensive and severe in response to any individual extreme drought year within this 



 
 

123 
 

period.  It is also reasonable to expect extensive high-severity fires were possible during 

this period, because high-severity fire activity followed an extended period of low surface 

fire frequency (1380 – 1450 CE) for moderate and large regional fire years as predicted 

by interannual patterns in precipitation (Roos and Swetnam 2011).  The low fire 

frequency would contribute to overall fuel accumulation throughout the landscape.   

 

In addition to patterns described above, there were also some inconsistencies in the fire-

climate relationships.  For example, significant peaks in fire activity correspond to both 

extended negative (drier) and positive (wetter) phases of the PDO Index.  In addition, not 

all the peaks in fire activity were preceded by a multi-decadal wet period as shown by the 

peak between 1,500 – 1,300 cal yr BP and the beginning of the Medieval peak from 

1,100 – 900 cal yr BP.  An additional suggestion is that some of the high-severity peaks 

may have been partially influenced by local-scale topographic factors rather than a strong 

influence of top-down climatic drivers.  The tree-ring record for these study basins 

indicated that there were fire years when high-severity fire occurred on the north-facing 

slope due to fire barriers allowing for fuel accumulation in certain portions of the basin 

(Bigio, Appendix A).  Topography may have influenced the high-severity peak during the 

period of 1,500 – 1,300 cal yr BP, because high-severity fire was inferred to be less 

extensive at the basin-scale and only synchronous across two basins.  The fire events 

were possible less extensive because the sampling location of all samples were in the 

upper stream channels of each contributing area.   Other tree-ring sites have suggested 

that the complex topography of the San Juan Mountains promoted localized fuel 
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accumulation and an overall lack of synchrony among fire years at different sites 

(Grissino-Mayer et al. 2004; Korb et al. 2013; Bigio, Appendix A) 

 

B.5.2 Additional fire-climate associations (2nd century and 1600 – 1900 CE):  

While we have focused on evidence for high-severity fire based on sediment deposition 

patterns over the past ~ 3,000 years, there may be an alternative type of evidence for 

severe fires between 2,000 and 1,800 cal yr BP.  There was no fire-related or other 

sedimentation preserved in any drainage basin during this period.  In the case of Haflin 

Creek, the oldest exposures have basal ages roughly between 1,700 to 1,000 cal yr BP, 

and bedrock is exposed along much of the channel beneath the oldest alluvial deposits.  

This may be evidence of deep incision and removal of channel sediments prior to about 

1,700 cal yr BP.  One cause of sediment removal could be increased erosion and runoff 

following extensive and severe fire between 2,000 – 1,800 cal yr BP.  If severe fire 

activity had occurred around at this time, then it may be associated with severe and 

prolonged drought in the 2nd century in the San Juan Mountains (Routson et al. 2011).  

 

During the past 400 years (1600 – 1900 CE), there were small peaks in low-severity and 

high-severity fire events.  One example is a localized, high-severity fire event 

reconstructed in the upper watershed of Haflin Creek.  The past 400 years were generally 

cooler on a hemispheric scale and the San Juan Mountains did not experience long or 

severe droughts equivalent to the early 21st century or the MCA (Cook et al. 2004; Trouet 

et al. 2013).  However, climate reconstructions indicate significant pluvials in the early 

17th century and mid-19th century (Grissino-Mayer and Swetnam 2000; Fye et al. 2003; 
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Meko et al. 2007).  As we review the fire-climate associations of the past three millennia, 

we question why fuel accumulation in the early 17th century pluvial did not lead to severe 

fires during extreme drought years during the mid-17th century, as we have interpreted for 

earlier periods.  It is possible that limited severe fire activity followed the early 17th 

century pluvial, yet it is difficult to confirm this using tree-ring based stand-age 

reconstructions.  It is also possible that fuel accumulations were not as significant as 

earlier periods in the paleorecord, and that new tree establishment in the early 17th 

century was filling openings in the forest related to drought-mortality in the late 16th 

century (Brown and Wu 2005). 

 

One interesting feature of the PDO reconstruction is an apparent reduced amplitude 

between 1600 – 1800 CE (Macdonald and Case 2005).  This suggests that the PDO may 

have had less impact on southwestern climate during that period, especially since PDSI 

records do not exhibit decadal-length droughts or longer pluvials during this time.  

Another interesting feature is that the extended drought of the late 16th century does not 

correspond to an anomaly in the PDO Index.  This reduced amplitude of the PDO Index 

could help explain the lack of extensive, high-severity fires during the past 400 years, as 

well as the dominance of frequent, surface fires over this time period.  The interpretation 

of low-severity fire activity with limited high-severity fires generally corresponds with 

tree-records available at this time.  The tree-ring record from the study basins indicates 

extensive low-severity fire every ~25 years with limited high-severity fire on north-

facing aspects at longer intervals (Bigio, Appendix A).   
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B.5.3 Comparison with other alluvial-sediment and lake-sediment records:  

We created a composite of fire activity from seven alluvial-sediment records (including 

the current study) from the western US, which were comparable in sampling 

methodology and spatial scale of fire event interpretations (Meyer et al. 1995; Pierce et 

al. 2004; Frechette and Meyer 2009; Jenkins et al. 2011; Fitch 2012; Weppner et al. 

2013).  The composite was a histogram representing relative fire synchrony among the 

seven sites binned per century.  A study was counted if there were two samples recording 

a fire event in the century.  The early portion of the composite shows good 

correspondence of western US fire activity between 2,700 and 2,400 cal yr BP.  The peak 

would have been higher, but two records from the Southwest were not counted at this 

time because of low sample depth (< 2 samples/century), even though they had minor 

peaks in fire-related sedimentation.  This peak corresponds with the broad-scale 

transitions in climate, forest composition and fire frequency observed in many lake-

sediment records from the region and western US (Anderson et al. 2008; Marlon et al. 

2012).   

 

The compilation of alluvial-sediment records shows fairly low correspondence of fire 

activity across the western US between 2,400 and 1,700 cal yr BP.  During this period, 

one or two sites recorded fire during every century, but there is not synchronized fire 

activity in any region or across the western US.  This may be due to regional differences 

in climatic influences, as well as, local-scale influences on fire regimes within each study 

area.  For example, our peak in high-severity fire activity between 1,500 – 1,300 cal yr 

BP only corresponded with significant fire activity in the Jemez Mountains and minor 
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fire activity the Eastern Sacramento Mountains (Frechette and Meyer 2009; Fitch 2012).  

As described above, our peak and the peaks in other studies between 2,400 – 1,700 cal yr 

BP may be responding to local or regional-scale influences.  This lack of correspondence 

may also relate to limited extent of high-severity fire in our study sites, due to the 

sampling locations in the upper watershed.   

 

The MCA is the period of the greatest correspondence among alluvial-sediment records 

for the Southwest and western US.  The synchrony of fire activity among alluvial records 

during the MCA suggests that regional-scale droughts and pluvial conditions were likely 

influenced by broad-scale features of the climate system, such as the change in the 

frequency/intensity of ENSO and/or the PDO Index.  Many ENSO records indicate that 

there was increased frequency of La-Niña conditions related to cool eastern Pacific SSTs 

during the Medieval period (Graham et al. 2007).  The extended and widespread droughts 

across the western US were able to override local factors that influenced fire activity at 

other times in each sediment record.  The alluvial-sediment compilation also 

corresponded to a maximum in biomass burning for the western US during the Medieval 

period, as well as increased fire frequencies in the Sierra Nevada indicated from 

exceptionally long fire-scar records (Swetnam et al. 2009; Marlon et al. 2012).   

 

We compared our individual record and the composite alluvial-sediment record with a 

record of biomass burning from the western US (Marlon et al. 2012).  The biomass 

burning record is derived from a composite of higher elevation lake-sediment fire 

histories, which were correlated with centennial-scale temperature changes.  Low 
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biomass burning values indicate fewer fires and longer fire event frequencies, which were 

consistent with cooler climatic conditions.  Whereas, above-average biomass burning 

values indicate more frequent and possibly more extensive burning, corresponding with 

warmer temperatures across the western US.  The earlier peak in the compilation of 

alluvial-sediment records (2,700 – 2,400 cal yr BP) corresponded to a minimum in 

biomass burning (~ 2,600 cal yr BP), supporting the association with cooler and wetter 

climates at the end of the Neoglacial.  The biomass burning record then showed an 

increasing trend towards 2,100 cal yr BP, which corresponded with the transition to 

lower-severity fires observed in the San Juan Mountains record between 2,300 – 2,000 

cal yr BP.  The peak in biomass burning around 2,100 cal yr BP does not correspond with 

peaks in the composite of alluvial-sediment record, suggesting that alluvial-sediment 

records do not respond to temperature as compared with regional-scale changes in 

precipitation/moisture.   

 

Over the past 1,000 years, the biomass burning record and the alluvial-sediment 

composition seem to have an inconsistent relationship, again possibly related to different 

climatic drivers of each type of record.  The biomass burning record is consistent with the 

alluvial-sediment composite during the MCA, when both records show their highest 

values.  The drier and warmer conditions influenced widespread fire activity detectable 

with both proxy methods across the western US, possibly representing increased fire 

activity in a range of forest compositions and elevations.  However, there was a minimum 

of biomass burning during the Little Ice Age related to cooler temperatures and reduced 

fire frequencies at higher elevation.  This minimum (400 – 200 cal yr BP) represented a 
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period of both low and high-severity fire activity in our San Juans Mountains record.  The 

alluvial-sediment composite, however, represented increased fire activity at this time, 

though limited to one century, and not as consistent as the earlier peaks in alluvial-

sediment correspondence.  This again, maybe related to local topographic and regional-

scale changes in precipitation influencing the set of alluvial records, rather than response 

to centennial shifts in temperature.   

 

B.5.4 Context of Missionary Ridge Fire: 

In the alluvial-sediment record, we interpret that synchronous fire events reconstructed 

across multiple watersheds were an indicator of more extensive fires across study area. 

There were two peaks in high-severity fire, when fire events were synchronous across at 

least three watersheds in the same century (Figure 4), and these were centered on 900 cal 

yr BP (early-mid 12th century) and 500 cal yr BP (16th century) .  The other high-severity 

peaks were observed in only two basins and often represented relatively small areas of 

high-severity within each basin due to sampling locations in the upper basin.   

 

The most recent peak (500 cal yr BP) was represented synchronous fire activity in five 

watersheds (Figure 4), which approaches the extent of fire during the Missionary Ridge 

Fire.  However, we are not confidant that the fire size and severity were equivalent to the 

recent Missionary Ridge Fire.  Some of the sampling locations were located in the upper 

watershed, where the interpretation of fire size was limited to the contributing area above 

the sampling location.  Therefore, the extent of high-severity fire was smaller than the 

Missionary Ridge Fire in two of the five basins at this time.  In contrast, the Missionary 
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Ridge Fire burned across the entire landscape with at least 80% high-severity fire in 

entire contributing area of six sampled watersheds (USDA Forest Service 2002).  Not 

only did the Missionary Ridge burn at high-severity on mesic, north facing slopes, but 

also consumed forest stands with very old living trees (> 800 years old).  The extensive 

high-severity burned area within each watershed contributed to debris flow activity and 

deep incisions into existing channels sediments, usually eroding down to bedrock.  We 

did not observe evidence of similar incisions in the alluvial record, except for lack of 

sedimentation between 2,000 – 1,800 cal yr BP in Haflin Creek.  The Missionary Ridge 

Fire occurred after an exceptionally long fire-free interval from 1880 – 2002 CE.  The 

only equivalent time period could be the fire-free interval of the 1380 – 1450 CE or the 

pluvial period around late 1000 CE (Woodhouse et al. 2005; Roos and Swetnam 2011).  

The periods were also not clearly free of all fire activity as we have observed during the 

fire suppression era of the past century, and high-severity fire activity following these 

pluvials was not on the scale of the Missionary Ridge Fire. 

 

B.6 Conclusions:  

We observed four episodes of high-severity fire activity over the past 3,000 years, each 

spanning a period of 200 – 300 years.  Episodes of increased high-severity fires occurred 

as a result of individual extreme drought years, often within periods of multi-decadal 

droughts and warming temperatures.  Periods of high-severity fire activity were preceded 

by several decades of wet conditions or reduced climatic variability.  High-severity fire 

activity was inferred to be most extensive and severe around 900 cal yr BP (mid-12th 

century) and 500 cal yr BP (16th century).  Low-severity fire activity dominated between 
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2,400 – 2000 cal yr BP, which corresponds with increased fire event frequencies across 

the San Juan Mountains.  The recent Missionary Ridge Fire was the largest and most 

severe fire event observed in the study area in the past 3,000 years. 
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B.9 Figure and Table Captions: 
 
Figure 1: Overview of study area.   
 
The study area was located northeast of Durango, CO in the San Juan Mountains.  Six 
study watersheds are outlined and labeled.  Yellow triangles represent locations of 
sediment exposures, where at least one stratigraphic unit was described and sampled.  
Red outline represents Missionary Ridge Fire burned area perimeter (2002).  
 
Figure 2: Example of sediment exposure.   
 
This exposure from Haflin Creek shows a typical debris flow deposit.  Black lines in the 
stratigraphy are burned soil surfaces, and inset photo shows detailed photo of burned soil 
surface. 
 
Figure 2: Summary of radiocarbon dates per watershed 
 
Total of 48 radiocarbon dates for all sediment deposits within each study basin.  Dates are 
plotted with the weighted average of the calibrated calendar age range and binned into 
centuries.  Each deposit is classified as certain fire-related and possible fire-related based 
on charcoal content within the deposit and other sediment characteristics (darkened 
matrix color, overlying burned soil surface).    
 
Figure 3: Total of 34 fire events compiled for all watersheds.   
 
Top panel (a): Total of 34 fire events derived from a combination of the 48 radiocarbon 
dates in Figure 3.  Four of the above dates did not have a replicated date within the same 
watershed, and were assigned a possible fire-related interpretation based on low charcoal 
content.  Panels b and c: Fire events were classified as ‘high-severity’ or ‘low-severity 
according to sediment characteristics and charcoal content.  The asterisk (*) indicates two 
debris flow deposits with a ‘possible fire-related’ designation and no replicated 
radiocarbon elsewhere in the basin. 
 
Figure 4: Fire history chronologies compared with paleoclimate records and alluvial-
sediment composite.  

(a) Western US temperature (Trouet et al., 2013); (b) Colorado Plateau temperature 
(Kipfmueller and Salzer, 2005); (c) Summer PDSI for the Four corners (average of four 
gridpoints from the North American Drought Atlas) (Cook 2008); (d) Plots of the 
summed probability distribution of calibrated calendar ages for high-severity and low-
severity fire events for the western San Juan Mountains; (e) Composite of seven alluvial-
sediment records from the western US.  If a study recorded two or more fire events in a 
century, then it was counted on the y-axis. Vertical blue highlight indicates pluvial period 
mentiond in the text.  Vertical grey highlight indicates major drought period mentioned in 
the text.   
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Table 1: Summary of watershed characteristics and samples. 
 
Table 2: Charcoal sample radiocarbon ages organized by basin. 
 
Columns: Sample ID; 14C age, calibrated calendar age ranges (2 sigma), WA: weighted 
average (BCE/CE).  Deposit type: DF = debris flow, HCF = hyperconcentrated flow, 
STR (streamflow).  Certainty of fire-related sedimentation based on sediment 
characteristics and charcoal content. 
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B.10 Figures and Tables: 
 

 
Figure 1: Overview of study area 
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Figure 2: Example of sediment exposure 
 

  



 
 

143 
 

 
Figure 3: Summary of radiocarbon dates per watershed 
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Figure 4: Total of 34 fire events compiled for all watersheds 
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Figure 5: Fire history chronologies compared with paleoclimate records and alluvial-
sediment composite 
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Table 1: Summary of watershed characteristics and samples. 
 

Watershed name  Size 
(km2) 

Elevation 
range (m) 

% mod‐ 
high‐

severity 

Number of 
exposures 

Number 
of dates 

Haflin Creek  4.0  2050 – 2980  95%  7 (1 af/6 upper)  15 

Steven’s Creek  15.8  2070 – 3020  80%  9 (1 af/8 upper)  18 

Freed Canyon  5.9  2040 ‐ 2980  99%  3 (alluvial fan)  3 

Woodard Canyon  2.3  2030 ‐ 2840  80%  2 (alluvial fan)  3 

Marina basin  0.8  2350 – 2800  99%  2 (1 fan/1 upper)  5 

Country Market  0.92  2360 ‐ 2960  90%  2 (alluvial fan)  4 

        25 exposures  48 C14     
dates 
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Table 2: Charcoal sample radiocarbon ages organized by basin. 
 
Basin  Sample ID  14C age BP  Calibrated calendar 

age (2 – sigma) 
WA 
BCE/CE 

Type  Fire‐
related 

Haflin 
Creek 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

HAF04_1_1.0 
  
  
  
  

263 +/‐ 44  1487 ‐ 1604 (0.432) 
1608 ‐ 1681 (0.396) 
1739 ‐ 1752 (0.012) 
1762 ‐ 1802 (0.131) 
1937 ‐ 1951 (0.029) 

1636 nr 
  
  
  
  

DF 
  
  
  
  

Yes 
  
  
  
  

HAF01_V0_1  303 +/‐37  1481 ‐ 1657 (1.00)  1571 nr  DF  Yes 

HAF01_V8_1 
  

409 +/‐ 34 
  

1430 ‐ 1522 (0.818) 
1573 ‐ 1627 (0.182) 

1496 nr 
  

DF 
  

Yes 
  

HAF03_V0_0.84 
  

666 +/‐ 34  1274 ‐ 1324 (0.525) 
1346 ‐ 1393 (0.475) 

1332 
  

DF 
  

Yes 
  

HAF05_V0_1.9 
(replicate) 

672 +/‐ 37  1269 ‐ 1324 (0.544) 
1345 ‐ 1393 (0.446) 

1329 
  

DF 
  

Possible
  

HAF03_V0_1.18  890 +/‐36  1039 ‐ 1217 (1.00)  1132  DF  Yes 

HAF06_0.98m 
(replicate) 

891 +/‐ 36  1039 ‐ 1217 (1.00) 
  

1131 
  

STR 
  

Possible
  

HAF03_V2.85 
  

1006 +/‐ 44  901 ‐ 916 (0.025) 
967 ‐ 1156 (0.975) 

1042 nr  HCF 
  

Possible
  

HAF05_2.4 
(replicate) 

1141 +/‐ 35  780 ‐ 791 (0.033) 
805 ‐ 983 (0.967) 

900  HCF 
  

Possible
  

HAF06_1.4m 
(replicate) 

1140 +/‐ 44  778 ‐ 988 (1.00) 
  

895 
  

HCF 
  

Possible
  

HAF03_V2.85 
  

1152 +/‐ 35  779 ‐ 794 (0.061) 
799 ‐ 974 (0.939) 

885 
  

STR 
  

Yes 
  

HAF06_2.10m 
  

1322 +/‐ 37  650 ‐ 730 (0.738) 
735 ‐ 772 (0.262) 

704  HCF 
  

Ye 

HAF05_2.9m 
(replicate) 

1366 +/‐ 46  596 ‐ 724 (0.902) 
738 ‐ 771 (0.098) 

666 
  

HCF 
  

Possible
  

HAF02_T07up 
  
  

1658 +/‐ 43  257 ‐ 300 (0.107) 
314 ‐ 467 (0.773) 
480 ‐ 533 (0.120) 

389 nr 
  
  

DF 
  
  

Possible
  
  

HAF04_1.10 
  
  

4102 +/‐ 40  ‐2871 ‐2802 (0.232) 
‐2779 ‐2568 (0.738) 
‐2519 ‐2499 (0.029) 

‐2693 
nr 
  
  

DF 
  
  

Yes 
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Steven's 
Creek 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

SC03_30cm 
  
  
  
  

173 +/‐ 34   1654 ‐ 1700 (0.192) 
1703 ‐ 1706 (0.003) 
1720 ‐ 1819 (0.519) 
1833 ‐ 1881 (0.095) 
1915 ‐ 1953 (0.190) 

1792 nr  STR 
  
  
  
  

Yes 
  
  
  
  

SC01_0.9 
  
  

393 +/‐ 33  1439 ‐ 1524 (0.717) 
1558 ‐ 1564 (0.012) 
1569 ‐ 1631 (0.271) 

1513 nr  DF 
  
  

Yes 
  
  

SC02_24‐43 
  

785 +/‐ 34  1187 ‐ 1200 (0.029) 
1206 ‐ 1281 (0.971) 

1241 nr 
  

HCF 
  

Possible
  

SC_f01_65‐73 
  

879 +/‐ 42  1036 ‐ 1226 (0.981) 
1233 ‐ 1240 (0.012) 

1144 
  

DF 
  

Possible
  

SC09_60cm 
(replicate) 

915 +/‐ 34  1030 ‐ 1189 (0.976) 
1197 ‐ 1207 (0.024) 

1110 
  

HCF 
  

Yes 
  

SC10_68‐106 
(replicate) 
  
  

1019 +/‐34  900 ‐ 918 (0.031) 
966 ‐ 1049 (0.863) 
1085 ‐ 1124 (0.083) 
1137 ‐ 1151 (0.022) 

1017 
  
  
  

HCF 
  
  
  

Yes 
  
  
  

SC05_T09  1025 +/‐ 36  898 ‐ 920 (0.052) 
945 ‐ 1047 (0.870) 
1089 ‐ 1122 (0.061) 
1139 ‐ 1149 (0.017) 

1009 
  
  
  

DF 
  
  
  

possible
  
  
  

SC02_103‐108 
(replicate) 

1069 +/‐ 34  894 ‐ 927 (0.231) 
935 ‐1021 (0.769) 

965 
  

STR 
  

Possible
  

SC04_71‐74 
(replicate) 

1323 +/‐ 34  650 ‐ 727 (0.751) 
736 ‐ 771 (0.249) 

701 
  

STR 
  

Possible
  

SC03_AF_1.0m 
  

1380 +/‐ 36  596 ‐ 690 (0.987) 
752 ‐ 761 (0.013) 

649 
  

DF 
  

Yes 
  

SC01_1.2cm  1437 +/‐ 35  563 ‐ 657 (1.00)  615  HCF  Yes 

SC09_180cm 
(replicate) 

1448 +/‐ 44  541 ‐ 660 (1.00) 
  

603 
  

HCF 
  

Possible
  

SC04_2.8m 
(replicate) 

1472 +/‐ 45  441 ‐ 484 (0.058) 
533 ‐ 655 (0.942) 

584 
  

STR 
  

Yes 
  

SC04_0_4.3m 
  

2112 +/‐ 36
  

‐348 ‐ ‐317 (0.050) 
‐207 ‐ ‐42 (0.950) 

‐142 
  

HCF 
  

yes 
  

SC03_AF_2.5m 
  

2213 +/‐ 54  ‐395 ‐ ‐162 (0.989) 
‐131 ‐ ‐119 (0.011) 

‐274 nr 
  

STR 
  

Yes 
  

SC01_1.7cm 
  

2341 +/‐ 35  ‐522 ‐ ‐360 (0.989) 
‐273 ‐ ‐260 (0.011) 

‐420 nr  DF 
  

Possible
  

SC_f01_2.25m 
  

2474 +/‐38  ‐766 ‐ 482 (0.904) 
‐467  ‐415 (0.096) 

‐610 
  

DF 
  

Possible
  

SC10_216‐220 
(replicate) 
  

2497 +/‐36 
  
  

‐788 ‐ ‐507 (0.975) 
‐460 ‐ ‐452 (0.006) 
‐439 ‐ ‐418 (0.019) 

‐633 
  
  

HCF 
  
  

Yes 
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Freed 
Canyon 
  
  
  
  
  

Freed02_0.8 
  
  

207 +/‐ 33 
  
   

1643 ‐ 1690 (0.306) 
1729 ‐ 1810 (0.535) 
1925 ‐ 1952 (0.159) 

1769 nr 
  
  

DF 
  
  

Yes 

Freed03_0.73  308 +/‐ 37  1477 ‐ 1653 (1.00)  1568  STR  Yes 

Freed01_1.4m 
(replicate) 

314 +/‐ 34 
  

1481 ‐ 1648 (1.00) 
  

1566 
  

DF 
  

Possible
  

Woodard 
Canyon 
  
  
  

Wood01_0.8m 
(replicate) 

328 +/‐34 
  
  

1473 ‐ 1644 (1.00) 
  

1560 
  

HCF 
  

Possible
  

Wood02_0.5 
  

358 +/‐ 34  1451 ‐ 1530 (0.476) 
1538 ‐ 1635 (0.524) 

1560 
  

DF 
  

Yes 
  

Wood02_1.6  933 +/‐ 35  1023 ‐ 1178 (1.00)  1101 nr  DF  Yes 

Marina 
basin 
  
  
  
  
  
  
  

MAR_f_1.0 
  

374 +/‐ 33  1445 ‐ 1528 (0.587) 
1551 ‐ 1634 (0.413) 

1532 nr 
  

DF 
  

Yes 
  

MAR_V0_0.4 
  
  

2093 +/‐ 39  ‐ 339 ‐ ‐329 (0.009) 
‐203 ‐ ‐19 (0.975) 
‐13 ‐ ‐1 (0.016) 

‐119 nr 
  

STR 
  
  

Yes 
  
  

MAR_3.78 
  

2114 +/‐ 36  ‐348 ‐ ‐315 (0.058) 
‐208 ‐ ‐43 (0.942) 

‐144 nr 
  

STR 
  

Yes 
  

MAR_4.6  2221 +/‐ 50  ‐392 ‐ ‐176 (1.00)  ‐281 nr  STR  Possible

MAR_V6DF 
  

2284 +/‐ 36  ‐403 ‐ ‐350 (0.549) 
‐304 ‐ ‐209 (0.451) 

‐324 nr 
  

DF 
  

Yes 
  

Country 
Market 
  
  
  
  
  
  

VCMB_10A 
  

123 +/‐72  1665 ‐ 1785 (0.414) 
1793 ‐ 1954 (0.586) 

1805 nr 
  

HCF 
  

Yes 
  

VCMB07LA 
  
  

1082 +/‐50  783 ‐ 788 (0.003) 
815 ‐ 843 (0.025) 
859 ‐ 1031 (0.972) 

948 nr 
  
  

HCF 
  
  

Yes 
  
  

VCMA 13 
  
  

1489 +/‐ 35
 

442 ‐ 455 (0.017) 
460 ‐ 484 (0.036) 
566 ‐ 646 (0.947) 

575 nr 
  
  

HCF 
  
  

yes 
  
  

VCM MDF 
 

2491 +/‐ 42  ‐782 ‐ ‐486 (0.946) 
‐463 ‐ ‐448 (0.018) 
‐442 ‐ ‐416 (0.036) 

‐624 nr 
  
  

DF 
  
  

Yes 
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C.1 Abstract: 

Fire history data collected in the same study sites using different proxy methods can be 

used to clarify and confirm fire history interpretations derived from each method alone.  

In the case of alluvial-sediment methods, the interpretation of fire size and severity relies 

on modern observations of geomorphic responses following wildfires in small tributary 

basins.  However, the interpretation of extensive, low-severity fires from the paleorecord 

is based primarily on hillslope and plot-scale studies of runoff and sediment yields.  

Therefore, an important question for interpreting alluvial-sediment records is whether 

debris flows may possibly be the result of an extreme rainfall on extensive low-severity 

fire, and what the likelihood of such a scenario is.  Initially, we reviewed the geomorphic 

responses following the Missionary Ridge Fire with output from an empirical debris flow 

probability model using design-storm rainfall inputs.  This indicated whether the model 

was accurate with design-storm rainfall, and illustrated the topographic and burn-severity 

variables, which were relevant to distinguishing between debris flow, sediment-laden 

floods and no response.  Following this, we used the probability model to evaluate 

whether it is possible to generate debris flows from wildfires with a low proportion of 

high-severity fire combined with relatively extreme rainfall conditions (i.e. greater 

intensity for a 1 hour storm).  Finally, we compared alluvial-sediment data with tree-ring 

data to provide an independent check of fire size and severity interpretations based on 

each method.  We used the debris flow probability model to evaluate the correspondence 

between the tree-ring and alluvial-sediment record.   
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We found that the debris flow probability model worked well with design-storm rainfall 

to predict the actual geomorphic responses following the Missionary Ridge Fire.  The 

model accurately predicted debris flow occurrences in 9 out of 12 basins, when using a 

threshold of 50% probability for debris flow occurrence.  Debris flows in three basins 

were not accurately predicted by the model, and these cases were related to the location 

and pattern of burned area within the basin.  In the sensitivity analysis, we found that 

debris flow probability remained low (< 40% probability) for watersheds with < 50% 

moderate and high-severity burned area, even for a 1-hour storm with a 25-year 

recurrence interval.  The model is more sensitive to the proportion of basin burned at 

moderate-high severity compared with any other parameter in the model.  Therefore, it is 

not likely for a debris flow to occur in a basin with less than 50% moderate-high severity 

burned area, even given a high-intensity storm lasting approximately 1 hour.  We found 

good correspondence between the type of fire-related sediment deposit (i.e. geomorphic 

response) and the extent of mixed and high-severity fire estimated from the tree-ring 

record.  The correspondence of each type of geomorphic response with fire extent from 

the tree-ring record was well-supported by the debris flow probability model.  The case 

of least correspondence was related to the location of high-severity burned area within 

the basin.  The results show that the interpretations of fire severity and extent from the 

alluvial-sediment record are reasonable, and we feel confident to with our existing 

interpretations of the longer-term alluvial-sediment record.  The comparison also showed 

that the alluvial-sediment record does not represent the total number and frequency of 

low-severity fires occurring over the past 400 years.  Our findings indicate that alluvial-

sediment records can be employed for interpreting shifts in fire severity over the late 
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Holocene, but it is important to review the interpretations with other local paleofire 

proxies (such as tree-ring evidences) and modern observations, whenever possible.
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.C.2 Introduction: 

Fire history research aims to reconstruct fire regimes (e.g., seasonality, frequency, size, 

severity) over a range of temporal and spatial scales.  Tree-ring methods typically span 

the past few centuries and include collections of fire-scarred trees and age-structure data 

from stand to landscape scales.  These methods provide seasonal and annual resolution of 

fire events, typically covering an area of 10 – 100 ha (Swetnam and Baisan 1996; Falk et 

al. 2011).  Although tree-ring records are relatively short compared to other proxy 

methods, these methods provide the highest temporal and spatial resolution estimates of 

pre-documentary (i.e., since about 1910) fire history.  Alluvial-sediment methods 

commonly reconstruct changes in fire frequency and severity for small tributary basins 

over the length of the Holocene (Pierce and Meyer 2008).  Similarly, charcoal deposited 

in lakes, bogs and meadows can be used to infer centennial-scale trends in fire frequency 

spanning multiple millennia, which can also be associated with vegetation changes 

derived from pollen assemblages obtained from the same or other sediment cores 

(Whitlock and Anderson 2003; Conedera et al. 2009).   

 

Proxy evidence of past fires is preserved through charcoal deposition in lakes, 

sedimentary structures of alluvial fans and fire-scars exposed at the base of trees.  For 

each type of proxy data, the interpretation of fire size and severity requires modern 

observations of fire patterns and effects on the landscape (Swetnam and Baisan 1996; 

Whitlock and Anderson 2003; Pierce and Meyer 2008; Farris et al. 2010).  For example, 

in the case of fire-scarred trees, modern analogs include observations of heating at the 

base of the tree during prescribed fires.  Heat transferred through the bark partially kills 
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the cambium and creates scars at the base (Fahnestock and Hare 1964; Gutsell and 

Johnson 1996).  For alluvial-sediment records, when charcoal is contained within a 

deposit, then sedimentary structures are used to interpret the relative size and severity of 

past fires.  These interpretations rely on modern observations of geomorphic responses 

within small, tributary basins following recent wildfires (Meyer et al. 1995; Pierce and 

Meyer 2008).  Debris flows often follow extensive, high-severity fire in steep, tributary 

basins, and these events usually occur in response to average convective storms (< 2-year 

RI) (Cannon et al. 2008).  Therefore, when relatively thick, charcoal-rich debris flow 

deposits are observed in the stratigraphic record, they may be used as evidence of high-

severity fires in the past.   

 

Corresponding to this interpretation, low-severity fires have been inferred from relatively 

thin, sheetflood  and streamflow deposits in the stratigraphic record (Pierce and Meyer 

2008).  One question regarding the interpretation of low-severity fires from alluvial 

stratigraphy is that the modern examples of catchment-scale responses to extensive low-

severity fires have not been observed.  In recent decades, low-severity fires rarely burn 

across entire watersheds, whereas mixed and high severity fires are relatively common 

and extensive.  Across the Southwest, land-use changes (i.e. combined logging, livestock 

grazing) over the past century have limited frequent, surface fires, resulting in increased 

fuel loads in lower-elevation pine and mixed conifer forests.  Therefore, this has 

essentially created no-analogue context for the interpretation of low-severity fires from 

the paleorecord before ~ 1880 (Allen et al. 2002; Fulé et al. 2014).  In addition, modern 

observations of geomorphic responses also tend to focus on severely-burned basins, as 
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these are the locations of most dramatic increases in runoff and erosion.  Therefore, the 

interpretations of low-severity fires have been partially based on plot and hillslope-scale 

studies of post-fire runoff and sediment yields (Pierce et al., 2004).  These studies have 

shown that sediment yields are significantly higher from high-severity burned plots 

compared with low-severity plots, and this difference was attributed to the higher 

proportion of bare soil exposed in the high-severity plots (Robichaud and Waldrop 1994; 

Benavides-Solorio and MacDonald 2005).  The assumption is that if these responses were 

scaled up to the catchment level, then runoff and sediment yields at the watershed outlet 

would be low, resulting in relatively thin deposits on alluvial fans.   

 

Calibration and corroboration of fire histories from documentary sources, tree-rings, and 

lake sediments have been used to test assumptions and to confirm or clarify the 

interpretations of each proxy method (Clark 1990; Whitlock et al. 2004; Allen et al. 

2008; Swetnam et al. 2009; Farris et al. 2010; Bigio et al. 2010).  One challenge of this 

comparison is that the tree-ring record often indicates multiple fire events over a time 

period (i.e. decades to centuries) when the charcoal records show fewer charcoal peaks, 

which are used to represent individual fire events.  Therefore, it can be difficult to match 

individual events in each record, and the best correspondence has been observed at sites 

in mesic forests with an infrequent, stand-replacing fire regime.  In these sites, large 

influxes of macroscopic charcoal, representing local fire events can be distinguished from 

a constant source of ‘background’ charcoal, which represents regional fire activity.  Tree-

ring dates of stand-replacing fires in mesic sites have been used to calibrate the number 



 
 

157 
 

and timing of charcoal peaks for improving the interpretation of fire frequency over the 

entire record (Clark 1990; Higuera et al. 2005).   

 

In lower-elevation sites with high fire frequencies, examples of spatial and temporal 

overlap among different proxy methods are less common (Farris et al., 2010; Allen et al., 

2008; Whitlock et al., 2004).  In the case of tree-ring and sedimentary charcoal records, it 

is difficult to directly compare individual fire events interpreted from each record 

(Whitlock et al. 2004; Allen et al. 2008).  However, a comparison of these records has 

still been helpful for illustrating site-specific anomalies in one or both of the proxy types.  

For example, when a bog record in northern New Mexico was compared with fire-scar 

data, it showed that very high charcoal deposition rates were related to in situ charcoal 

production resulting from surface fire spreading on the bog surface during extreme dry 

years (Allen et al. 2008).  Furthermore, the best correspondence among these records was 

the hiatus of all fire activity in the study area from the late 1800’s to present, represented 

by no charcoal deposition in the upper few centimeters of the core.  Ultimately, the 

comparative analysis helped show that it would be better to interpret charcoal records 

from lower-elevation sites for trends in charcoal production over time, rather than 

calculating fire event frequencies, as is standard methodology for records from higher 

elevation sites (Allen et al. 2008).   This is related to the fact that lower elevation lakes 

and bogs exhibit fairly smoothed and consistent rates of charcoal influx, and it is difficult 

to identify individual charcoal peaks (fire events) from these series (Whitlock et al. 

2004).   
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C.2.1 Context of this study:  

We developed a fire history chronology for the western San Juan Mountains, using a 

combination of tree-ring and alluvial-sediment methods from four tributary drainage 

basins (Bigio, Appendix A; Bigio, Appendix B; Bigio et al. 2010).  In this paper, we 

compared tree-ring and alluvial-sediment data for three basins with temporal overlap 

among the records.  In the San Juan Mountains, aspect differences and complex 

topography contributed to differences in fuel types and accumulations at fine spatial 

scales, and resulted in different fire severities on adjacent portions of a watershed (Bigio, 

Appendix A).  In our study basins, the tree-ring record indicates that between  ~1600 – 

1900 AD, fire regimes were characterized by frequent, low-severity fires on south-facing 

slopes with open stands of  ponderosa pine (Pinus ponderosa).  On north-facing slopes, 

fire frequencies were lower, and mixed- and high-severity fire occurred in small patches 

in a subset of all surface fire years.  Stands on the north-facing aspect were denser with 

greater proportions of Douglas fir (Pseudotsuga menziesii) and white fir (Abies 

concolor).   

 

Alluvial stratigraphy was documented for six tributary basins, and was used to extend the 

fire history chronology to cover the past 3,000 years (Bigio, Appendix B).  This record 

showed that low-severity fires were dominant over the past few hundred years, and prior 

to this, there were four distinct peaks in high-severity fire activity.  In the process of 

developing the alluvial-sediment fire history record, we described and dated a range of 

charcoal-rich sediment deposits, including debris flow, hyperconcentrated flow and 

streamflow deposits.  Debris flow deposits were poorly-sorted mixtures of cobbles and 
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boulders, supported by a fine-grained matrix.  Streamflow and sheetflood deposits were 

identified by layers of well-sorted sand- to gravel-sized sediments.   In addition, there 

was an intermediate flow process termed hyperconcentrated flow, which was used to 

describe a group of deposits, which were not clearly debris flows or streamflow.  These 

deposits were typically mixtures of cobbles and boulders with moderate sorting and weak 

stratification of clasts (Costa 1988; Cannon 2001).  In this paper, ‘hyperconcentrated 

flow’ refers to deposits observed in the stratigraphic record.  These deposits are 

considered similar to the modern process of ‘sediment-laden flood’, which is described in 

the literature following recent fires, and will be used throughout this paper.  Sediment-

laden floods have high sediment to water ratios, sometimes approaching that of debris 

flows.   

 

The stratigraphic record provided many examples of deposits with variable thickness, 

sediment structures and charcoal content.  Given sufficient charcoal, we used specific 

deposit characteristics to interpret the relative size and severity of fires in the past.  

Guided by previous studies, relatively thick, debris flows were used to interpret 

extensive, high-severity fires in the contributing area (Pierce and Meyer 2008).   

Following the assumptions described previously, relatively thin, streamflow deposits 

were used to interpret low-severity fires (Bigio, Appendix B).  In addition, relatively 

thick hyperconcentrated flows were used to interpret high-severity fire, though we 

assumed that they represented a smaller extent of high-severity burned area in the 

contributing basin.  In the modern record, sediment-laden floods usually differentiate 

from debris flows on the basis of topography and sediment supply (to a lesser extent burn 
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severity), and usually not related to differences in rainfall intensities (Cannon 2001; 

Cannon et al. 2008).   

 

One question that arose through the data interpretation of alluvial stratigraphy is what 

other causes or conditions could create debris flows in the absence of extensive high-

severity fire.  In this paper, we investigate whether debris flows and hyperconcentrated 

flows would be possible with greater rainfall intensities on catchments with extensive 

low-severity fire (or a low proportion of high-severity fire).  Many factors contribute to 

differences in geomorphic responses following wildfires, and an improved understanding 

of how topography, burn severity and rainfall conditions influence debris flow and 

sediment-laden flood responses can help with interpretation of the alluvial-stratigraphic 

record.  In the remainder of this introduction, we first review the process for debris flow 

generation by progressive sediment bulking of runoff in burned areas.  We then discuss 

literature that suggests the possibility of debris flow initiation from basins with extensive 

low-severity burned area (i.e. low proportion of high-severity burned area).  Following 

this, we present our study design and research questions.  

 

C.2.2 Background on hillslope erosion and geomorphic responses following wildfires: 

Under any conditions, a debris flow is generated through a combination of topography, 

surface characteristics and rainfall, which creates a flow with very high sediment to water 

ratios (Costa 1988; Cannon 2001).  High-severity fires cause complete tree mortality, 

consume litter and duff on the forest floor and alter soil properties due to heating below 

the surface (Keeley et al. 2009).  These fire effects dramatically change the hydrology of 
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hillslopes by allowing rainfall to directly impact the soil surface, removing obstructions 

on the slopes, and reducing the infiltration capacity of the soil (Shakesby and Doerr 

2006).  The combination of these fine-scale processes generates high runoff amounts, 

which concentrates into rills and erodes sediment from hillslopes.  In the channel, the 

increased runoff incises channel sediment until high enough sediment-water ratios are 

reached for debris flows to occur.  In some cases, debris flows may begin within rills and 

gullies on the hillslopes or very high in the contributing area of a watershed (Cannon et 

al. 2001).  Due to the dramatic alteration of hillslopes following severe wildfires, the 

majority of fire-related debris flows generated from severely-burned basins have 

followed average convective storms (< 2 year RI), usually less than one hour duration 

(Cannon and Gartner 2005; Cannon et al. 2008).   A similar debris flow initiation process 

has been observed in alpine areas with a significant proportion of exposed bedrock and 

tallus in the contributing area, though in response to more extreme storms (100-year RI) 

(Godt and Coe 2007).   

 

Based on the surface characteristics (intact litter and duff cover, undisturbed soil) of 

hillslopes burned at low-severity, it is expected that average convective storms will not 

generate sufficient runoff and sediment for debris flows to occur (Benavides-Solorio and 

MacDonald 2005).  In general, increased runoff is usually generated from low-severity or 

unburned plots following intense rainfall, though sediment yields only increase if bare 

ground is exposed, as is the case for the high-severity burned plots (Benavides-Solorio 

and MacDonald 2001; Pierson et al. 2009).  In contrast, one study in Colorado showed 

that sediment yields from low-severity plots increased significantly following a very 
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intense rainfall event (max I30 = 61 mm/hr), and rill erosion was initiated within the plot, 

even though ground cover was nearly intact (Benavides-Solorio and MacDonald 2005).  

However, the sediment yield from this event was only equal to about one third of the 

sediment yield measured from high-severity plots following storm of lower rainfall 

intensity (I30 = 26 mm/hr). Ultimately, it remains unclear if intense rainfall was observed 

on a tributary basin with an extensive low-severity fire, whether it would lead to 

sufficient runoff and sediment to generate debris flows.   

 

In the Intermountain West, it has been documented that debris flows were generated from 

basins with a small proportion of high-severity burned area, yet the topographic, surface 

characteristics and rainfall conditions related to these events were unknown (Cannon 

2001; Cannon and Gartner 2005).  In the northern Rockies, debris flows have been 

documented following longer-duration rainfall events on burned slopes and unburned 

slopes with sparse vegetation, although these events followed multiple days of rainfall 

(Meyer et al. 2001).  However, debris flows following long-duration rainfall events in 

unburned areas were initiated by a different initiation process.  The saturation of the 

colluvium and discrete hillslope failure led to high sediment to water ratios for debris 

flow occurrence, rather than through progressive sediment bulking.  In burned areas, 

debris flows generated by this mechanism have usually occurred several years following 

a fire (Meyer et al. 2001; Wondzell and King 2003).  After more than five years, grasses 

and shrubs stabilize the surface, but roots from tree mortality have decayed, causing 

weakened colluvium at depth, and leading to slope failures during long-duration storms.      
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C.2.3 Research Questions: 

As way to further clarify the interpretations of fire size and severity from the alluvial-

stratigraphic record, we carried out three analyses.  The first was a comparison of 

geomorphic responses following the Missionary Ridge Fire with output from an 

empirical model of debris flow probability developed for application in burned areas 

(Cannon et al., 2010).  We ran the model with design-storm rainfall, and evaluated the 

model performance using design-storm rainfall with actual geomorphic responses.  

Second, we performed a sensitivity analysis of the debris flow probability model.  In this 

step, we evaluated the relative influence of different rainfall intensities and burn severity 

proportions on debris flow probability, while holding other topographic and soils 

variables constant.  This analysis helped evaluate the possibility of debris flows following 

relatively intense rainfall on low-severity fires at the catchment scale.  The third analysis 

was a spatially-explicit comparison of a tree-ring data with the youngest fire-related 

sedimentation events preserved in the alluvial-stratigraphic record.  The link between the 

tree-ring and alluvial-sediment records is further explored by testing each scenario with 

the debris flow probability model.  Alluvial-sediment records have been compared with 

tree-ring fire history information on a regional basis, though a spatially-coordinated 

comparison of individual events has not been pursued, to our knowledge (but see 

Frechette and Meyer, 2009).  In these analyses, we specifically addressed the following 

questions:    

1) How well does an empirically-based debris flow probability model represent the 
different geomorphic responses (debris flows, sediment-laden floods) following the 
Missionary Ridge Fire using design-storm rainfall inputs? What were the topographic and 
burn severity variables associated with differences in geomorphic responses? 
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2) Using the empirically-based debris flow probability model, is it possible to generate a 
debris flow following a predominantly low-severity fire (low proportion of high-severity 
fire), given rainfall events of sufficient intensity?   
 
3) How well do our interpretations of past fire severity, based upon the alluvial 
stratigraphy compare with tree-ring interpretations for the same fire event?  Is the 
comparison supported by results from the debris flow probability model? 
 

C.2.4 Study Area: 

The study area is located in the western San Juan Mountains, northeast of Durango, 

Colorado.  This is a landscape of steep, tributary basins (1 – 10 km2), which drain into 

broad glacially-carved valleys (Figure 1).  In 2002, the Missionary Ridge Fire area 

burned ~ 30,000 ha, leaving a mosaic of low, moderate and high-severity burned areas 

within the fire perimeter (USDA Forest Service, 2002).  The tributary basins were burned 

with variable portions of low-, moderate- and high-severity fire, and many of the basins 

experienced increased erosion and sediment transport in the summer following the fire 

(Cannon et al. 2003; Table 1).  Underlying bedrock types are horizontally-bedded 

limestones, shales and sandstones from the late Pennsylvanian to middle Jurassic periods.  

The most extensive bedrock types in the study watersheds were the Cutler sandstone 

(Permian) and the Dolores shale and siltstone formation (Upper Triassic).  These types 

are very erodible and contribute a significant amount of fine sediments to the stream 

channels and alluvial fans.  The dominant soil types were sandy loams with small areas of 

quaternary glacial deposits (Schwarz and Alexander 1995). 
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C.3 Methods: 

C.3.1 Comparison of debris flow probability model with Missionary Ridge Fire 

geomorphic responses: 

The purpose of this step was to evaluate how well an empirically-based debris flow 

probability predicted debris flows using design-storm rainfall inputs across all basins in 

our study area.  The model is a logistic regression equation that uses inputs of average 

rainfall intensity in mm/hr, along with topographic and soils variables for the contributing 

area of a basin.  The model was developed using a database of debris flow events and 

rainfall events from across the Intermountain West (including the Missionary Ridge Fire) 

(Cannon et al. 2010).  First, we classified the geomorphic responses following the 

Missionary Ridge Fire for twenty nine low-order, tributary basins according to debris 

flow, sediment-laden flood and no response (Figure 1).  We obtained information from a 

written account of the location and type of geomorphic response documented during the 

summer of 2002 (Cannon et al. 2003).  We also made observations of deposits still 

remaining on the landscape during the summer of 2009 – 2011, where possible.   

 

We ran the debris flow probability model (Model A) with burn severity data from the 

Missionary Ridge Fire for the twenty-nine tributary basins (Cannon et al. 2010).  We 

applied the model to the basins using a design storm of 1 hour duration and a 2-year 

recurrence interval (18 mm/hr) derived from the NOAA Atlas 14 (Perica et al. 2013).  

The burn severity inputs to the model were the percentage of each basin burned at 

moderate and high-severity as documented by the BAER team in the weeks following the 

fire (USDA Forest Service 2002).  The topographic variables used in this model were:  
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(1) Percent of basin with slopes > 30%; (2) Ruggedness (basin relief/square root of basin 

area).  The soil variables were (1) % clay content and (2) liquid limit from the STATSGO 

dataset (Schwarz and Alexander 1995).   We extracted the topographic variables from a 

DEM, and spatial datasets with the burn severity and soils information were provided by 

the forest service.   

 

We compared the model output using the design storm (18 mm/hr) with actual 

geomorphic responses following the Missionary Ridge Fire.  In order to visualize this, we 

ranked the model output according to geomorphic response (debris flow, sediment-laden 

flood and no response) and then by debris flow probability.  We plotted the median and 

range of values for the topographic variables and burn severity percentages, and 

evaluated differences in the median and range for the groups of basins producing debris 

flows, sediment-laden floods and no geomorphic response.  We explored the topography 

and burn severity patterns of individual watersheds to further identify important factors 

that may influence debris flow vs. sediment-laden flood responses.  The soil variables did 

not vary much among the watersheds, and were not evaluated in this study.  

 

C.3.2 Sensitivity analysis of debris flow probability model: 

Our second step was to test how debris flow probability was influenced by a range of 

burn severity values with increasing rainfall inputs.  We ran the model by applying the 

same proportion of moderate-high burned severity burned area to all basins, and then 

increased the proportion by increments of 10% with each model run.  At each burn-

severity proportion, we then applied rainfall amounts for design storms of 1 hour duration 
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and 2-year, 10-year and 25-year recurrence intervals.  The rainfall amounts for a 1-hour 

storm at each RI were 18mm, 32mm 41 mm, respectively, and these values were obtained 

from the NOAA Atlas 14 (Perica et al. 2013).  We evaluated how debris flow probability 

increased with different rainfall and burn severity proportions. 

 

C.3.3 Comparison of tree-ring and alluvial deposits: 

Finally, we compared three alluvial-sediment deposits dated to the past 400 years with 

fire events reconstructed from tree-ring methods on the hillslopes of each watershed 

(Bigio, Appendix A and B).   The goal was to evaluate how well the type of sediment 

deposit corresponded to a specific fire event in the tree-ring record.  We tested this 

correspondence by running the debris flow probability model with burn severity 

estimates derived from the tree-ring record.   Two of the sediment deposits were sampled 

at locations in the upper stream channel of Haflin Creek and Steven’s Creek.  A third 

deposit was sampled on the alluvial fan of the Country Market drainage basin (Bigio et 

al. 2010).  Within each watershed, there were several calendar years, when low-severity 

fires burned extensively across the south-facing slopes (Bigio, Appendix A).  In a subset 

of these years, there was also a small portion of moderate and high-severity fire 

reconstructed on the north-facing slopes.   

 

We assumed that fire years with high-severity fire behavior were the most likely 

candidates for generating debris flows, when changes in land cover would have increased 

runoff, eroded hillslopes and transported sediment in the stream channels.  For these 

years, we created maps of the locations of fire-scarred trees and age-structure plots to 
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show where the low and high-severity fire was located relative to the alluvial-sediment 

sampling locations.  We estimated the potential extent of high-severity burned area based 

on topography and fire barriers within each watershed, and then calculated this area as a 

percentage of the total contributing area above the sampling location of the sediment 

deposit.  We qualitatively compared the fire severity interpretation from the character of 

sediment deposit with burn severity estimates from the tree-ring record.   Following this, 

we calculated the topographic variables for the contributing area above each sediment 

sampling location.  Finally, we ran the probability model using the burn severity 

estimates from the tree-ring data with design storm rainfall of 2-year recurrence interval.  

 

C.4 Results and Discussion: 

C.4.1 Comparison of debris flow probability model with Missionary Ridge Fire 

geomorphic responses: 

C.4.1.1 Results of this section: 

 

There were twelve basins that produced debris flows following the Missionary Ridge Fire 

and nine of these were assigned probabilities of occurrence of more than 50% in the 

simulations using a 1-hour storm of 18mm/hour average intensity (Figure 2).  

Examination of the debris-flow producing basins with the lowest probability values helps 

to identify additional factors relating to debris flow generation that are probably not 

captured by the model. For example, the Unnamed 3 (basin 10) and Lemon_SW (basin 

11) were two watersheds with relatively low probability values, yet each produced 

multiple debris flows and sediment-laden floods throughout the summer (Cannon et al. 
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2003).  Each of these basins had very high proportions of mod-high severity burned area 

(> 90%), yet they had slightly low values for ruggedness (Figure 2).  Furthermore, 

Lemon_SW (basin 11) had the lowest value for the proportion of area with slopes > 30%.  

Therefore, due to the relatively shallow slopes, the model predicted that these basins were 

less likely to produce a debris flow with a 2-year recurrence interval storm.  The fact that 

these basins produced debris flows suggests that basin size also plays an important role, 

as these were the smallest basins in the study area. Even with relatively shallow slopes, 

the smallest basins still produced debris flows.  Runoff traveled quickly to the valley 

bottom, where sufficient sediment was available for debris flow initiation.   

 

In the case of another small and shallow basin (Root basin, basin #4), the Root basin 

actually had lower values for ruggedness and proportion of slopes > 30% (Table 1).  Yet, 

the debris flow probability was slightly higher, with a probability of debris occurrence at 

53%.   In this case, the Root basin had 100% moderate and high-severity burned area, 

which suggests that the model is very sensitive to burn severity.   In another case, the 

Coon Creek watershed was a large and steep drainage basin with a low probability of 

debris flow generation, yet produced two large debris flows and one sediment-laden flood 

in the summer following the fire.  Coon Creek had the lowest proportion of mod-high 

severity burned area (70%), contributing to the low debris flow probability output of the 

model.  However, the high-severity burned area was concentrated in the center of the 

watershed, simulating a much smaller watershed.  Therefore, the location of high-severity 

burned area within a basin appears to play an important role in debris flow generation.  

Additional reasons for discrepancies between the model and actual debris flow 
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occurrences were likely related to rainfall variability during the summer following the 

fire.  We used a design storm with uniform rainfall intensity of 18 mm/hour lasting for 

one hour, yet many debris-flow producing storms were in response to storms of shorter 

duration with much higher 10-minute peak intensities (~ 30 – 60 mm/hr) (Cannon et al. 

2008).  

 

There were eight basins that produced only sediment-laden floods during the summer 

following the fire.  The debris flow probability model was not developed to distinguish 

between debris flow and sediment-laden floods (SLF) specifically, yet it can help 

illustrate some of the topographic and burn-severity differences that may be important for 

distinguishing between these responses.  The model provided lower probability values (< 

30% ) for the majority of SLF-producing basins because they had lower ruggedness 

values and slightly lower proportion of area with slopes > 30% (Figure 2a).  Most of the 

SLF-producing basins had mod-high burn severity percentages between 50 – 95% (within 

the range of debris flow basins), suggesting that shallow slopes limited the amount of 

runoff required for debris flows to occur (Figure 2d).   It is also possible that debris flows 

were limited by the timing of runoff reaching the channel.   

 

Further examination of the examples when the model output did not match the actual 

geomorphic responses helped to illustrate other factors apparently not captured by the 

model.  There were two cases, when the model predicted a debris flow (~ 50% 

probability), but only sediment-laden flood responses were documented (Jack and Dry 

Creeks).  In the case of Dry Creek (basin # 14), it had a proportion of slopes > 30% and a 
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ruggedness value within the range of the debris-flow producing basins.  It also had a high 

proportion of moderate and high-severity burned area (82%), within the range of the 

debris flow-producing basins.  However, the pattern of burned severity was patchy with 

many small areas of high-severity fire within a matrix of moderate severity burned area.  

In contrast, Jack Creek (basin # 13) had a large contiguous area of high-severity fire, 

although slope steepness and ruggedness values were on the lower end of the debris flow-

producing basins.  It is possible that the model provided a high value for debris flow 

probability (~50%) because of the proportion of area burned at mod-high severity (95%).  

We are not sure why a debris flow did not occur in this basin, and the reasons may relate 

to rainfall variability during the summer following the fire or other topographic factors 

that we are not able to observe in a 10 m DEM.  

 

Nine of the basins within the burned area did not produce debris flow, or significant 

sediment-laden floods.  One basin had minor incision in the channel (Graham Creek, 

basin 20), but no deposits were observed at the basin outlet.  The basins with no response 

had mod-high burn-severity proportions in two groups (Figure 2d).  The values for the 

first group were within the range of 50 – 60% of the watershed area burned at mod-high 

severity.  The second group had much lower values, ranging between 20 - 30% of mod-

high burned area.  For the basins with more than 50% mod-high area, shallow slopes and 

low ruggedness values prevented debris flow or sediment-laden flood generation.  

Examination of the individual basins showed that in the cases of Middle_M (basin 22) 

and Wilson Creek (basin 23), it is also likely that the mod-high severity burned area was 

patchy and not spatially overlapping with the steepest slopes in the basins.  In the case of 
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Graham Creek, the basin had high values for mod-high burn severity and steepness, and 

the model provided a probability value of 30%.  Based on the topography and burn 

severity, it is unclear why this basin did not produce a debris flow or significant 

sediment-laden flooding following the fire.  We observed minor incision four years 

following the fire event, and it was likely that the basin experienced minor flooding that 

sediment deposition occurred beyond the extent of the alluvial fan.  We observed bedrock 

outcropping in the channel bottom at very shallow depths in this basin.   We suggest that 

sediment supply was limited, and therefore debris flows did not occur, even though burn 

severity and slope conditions were likely conducive for debris flow generation. 

 

C.4.1.2 Discussion of this section: 

Our intention with this first analysis was to review how well the model performed with 

design rainfall, in order to proceed with the second analysis of exploring the relative 

influence of different burn severity and rainfall inputs.  Overall, the model accurately 

predicted debris flows for the majority of basins using design-storm inputs, if we use a 

threshold probability level of 50%.  Many of the other basins with moderate probability 

values (10 – 40%) produced sediment-laden floods instead.  With the exception of 

Graham Creek and Middle_M, the basins with no response all had probability values 

below 10%.  Rainfall events in the summer following the fire were variable, and the few 

discrepancies between the model and actual geomorphic responses may reflect localized, 

intense rainfall over individual basins. However, the majority of storms related to both 

debris flows and sediment-laden floods were less than three hours with average storm 

intensities ranging between 2 – 32 mm/hr (Cannon et al. 2008).  One storm following the 
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fire had a 10-year recurrence interval, and the responses following this storm were of 

similar magnitude and character as the other responses during the same summer.  Rainfall 

data from the burned area did not show differences in rainfall intensity or duration 

between debris flow and sediment-laden flood responses among all basins at any point in 

the summer season (Cannon et al. 2008).  Overall, we found that the model accurately 

predicts debris flow occurrence when using reasonable design-storm inputs of one hour 

duration and recurrence intervals within the range of 2 - 10 years.  When it accurately 

predicts geomorphic responses, it is most likely related to topographic and burn-severity 

influences that are not captured by the model.   

 

Since the development of this model, there has only been limited testing of performance 

when applied in new areas (Cannon et al. 2010; Friedman 2012).  The most common case 

in comparison of model runs versus actual responses was a false-positive prediction, 

when debris flows did not occur, even though the model predicted a high probability 

value.  For a burned area in central Colorado, Friedman (2012) found that with design-

storm rainfall, the model matched actual debris flow occurrences for half of the basins 

with probability values > 70%.  For the half that did not produce debris flows, they 

produced sediment-laden floods instead.  The actual rainfall measured also pointed to a 

threshold of 17 mm/hour for a peak hourly intensity for debris flow events, which was 

within the range of the design-storm input.  The lack of debris flow response was 

attributed to shallow bedrock in the channels, and therefore, insufficient sediment for a 

debris flow, even though runoff from hillslopes was likely sufficient.  Other studies from 

both burned and unburned areas have shown that a low sediment supply in the channel 
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will usually lead to sediment-laden floods rather than debris flows (Coe et al. 2008).  It 

has also been observed in the Missionary Ridge and other burned areas, that some 

drainage basins produced debris flows after the first significant rainstorm when sediment 

supply in the channel was sufficient, but then transitioned to sediment-laden floods later 

following subsequent storms, when the sediment supply had been depleted (Cannon et al. 

2003; Kean and Staley 2011).   

 

In our study, there was only one example where the debris flow probability was relatively 

high, but debris flow activity was limited by sediment availability (Graham Creek, basin 

# 20).  Instead, we observed three cases where the debris flow probability was relatively 

low, but the basins still produced debris flows (false-negative prediction).  Two of the 

cases were the smallest basins, which were assigned a low probability because of 

relatively shallow slopes.  It appears that the model becomes more sensitive to the 

proportion of steep slopes as basin size increases, although this has not been specifically 

analyzed in other studies.  A recent study in Colorado compared rainfall thresholds for 

debris flow generation in two different burned areas.  One of the burned areas (Coal 

Seam Fire, 2002) had smaller and steeper basins, and this area had a lower rainfall 

threshold for debris flow occurrence (Cannon et al. 2008).  It was suggested that the 

lower rainfall threshold reflected the shorter time needed to generate sufficient runoff in 

smaller basins.   

 

Beyond this, the debris flow probability model suggested some topographic and burn 

severity influences that help distinguish between debris flow, sediment-laden flood and 
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no responses.  Of the topographic variables, basin ruggedness seemed to have the greatest 

difference in distinguishing between debris flows and sediment-laden floods.   

Ruggedness reflects basin shape and steepness, and has higher values for long and narrow 

basins and lower values wide basins.  Also, many of the basins that produced sediment-

laden floods were large basins, with long main channels and many small tributaries 

feeding into the main channel, which contribute to lower ruggedness values.  In these 

basins, it may be possible that debris flows occurred in the small tributaries feeding into 

the main channel, although these flows were diluted as they converged with runoff in the 

main channel.  Overall, steep slopes were also an important topographic factor, though 

there was not a significant difference between the values among both groups (debris 

flows, sediment-laden floods).  This suggests that other factors can override topographic 

variables for distinguishing between geomorphic responses.   

 

Overall, the proportion of moderate-high severity burned area was lower for the basins 

with sediment-laden floods versus debris flows, although there was much overlap among 

the populations.  An interesting factor emerged from examination of the individual basins 

with their respective geomorphic responses and debris flow probability values.  The 

pattern and location of burn severity within the basin appeared to have a moderate 

influence at distinguishing between geomorphic responses.  In the case of Dry Creek, a 

sediment-laden flood response was documented from a basin with a high proportion of 

mod- high-severity burned area and ruggedness/steepness values within the range of 

debris-flow producing basins.  In this case, the high-severity burned area was patchy, 

which may have caused discontinuous patterns of runoff generation on the hillslopes.  
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Runoff generated from severely-burned portion of a hillslope may have re-infiltrated and 

deposited sediment when reaching a patch with more intact litter and duff lower on the 

slope (Reid et al. 1999).  The patchy, fragmented pattern of the burned severity may have 

also caused the total amount of runoff to reach the channel more slowly, causing a lower 

flow velocity or peak in stage height in the channel.  This may have been sufficient to 

entrain sediment in the channel for a sediment-laden flood, but not sufficient to incise 

enough sediment for debris flow processes to occur.   

 

Patterns and locations of burn severity contributed to differences between a predictive 

model of gully formation and actual responses observed in five burned areas in Montana 

(Hyde 2013).  In this study, post-fire gully formation in small basins was analyzed with 

both the location and pattern of high-severity burned area within each basin.  Gully 

formation was significantly associated with greater size and connectivity of high-severity 

burned patches located in the upper catchment area.  In addition, a logistic regression 

model was unable to predict gully formation was when large areas of bedrock and 

nickpoints were exposed in the channels.  These features increased runoff and incised 

gullies below the nickpoints, and generated debris flows in the absence of large areas of 

high-severity burn.       

 

C.4.2 Sensitivity analysis of debris flow probability model: 

C.4.2.1 Results of this section: 

Across all basins, there was a non-linear increase in debris flow probability as the 

proportion of moderate and high-severity burned area increased following a 2-year RI 
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storm (Figure 3).  Probability values increased slowly between 10 – 40% proportion of 

mod-high severity burn, and then increased more rapidly above the 50% proportion.  The 

probability values showed little variation among the twenty-nine basins between 10 – 

40% burn severity proportion.  However, above the 50% burn-severity proportion, the 

range of probability values increased among the basins. The basins were ranked by the 

proportion of the basin with slopes > 30%, as this variable seemed to have the most 

influence in debris flow probability, when burn severity and rainfall were held constant. 

Even with the 90% mod-high burn severity estimate, the shallowest basins remained 

below the 50% probability level following a 2-year RI storm (Figure 3, top panel).  

 

As we reviewed in the previous section, the smallest basins (< 1km2) still produced debris 

flows, even with fairly shallow slopes.  Therefore, some of these relatively shallow basins 

may produce debris flows in reality, even if the model does not indicate a high 

probability of debris flow occurrence.  The sensitivity analysis suggests that debris flows 

in a real context are likely to occur in basins with a minimum of 80% moderate-high 

severity burn, under average rainfall condition, assuming a sufficient proportion of steep 

slopes.  This corresponds with the 90% moderate-high severity burned area documented 

for the majority of debris-flow producing basins across the Intermountain West (Cannon 

and Gartner 2005).  As reviewed in the previous section, factors that would influence 

debris flow generation with a lower proportion of mod-high burned areas would be the 

location or pattern of the burned area.   
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In the next step, we reviewed how the debris flow probability values varied with 

increased rainfall intensity levels. Across all basins, probability values increased with 

increasing burn-severity proportions (10% -- 100%) and three different average storm 

intensities for a one-hour storm: 18mm/hr (2-year RI), 31 mm/hr (10-year RI) and 41 

mm/hr (25-year RI).  For illustration purposes, we plotted the 10%, 50% and 100% burn 

severity proportion with the different rainfall intensities.  At the 10% burn-severity level, 

probability values showed little variation and remained below 10%, even with the highest 

rainfall inputs (41 mm/hr, 25-year RI). At the 50% and 100% burn-severity levels, the 

probability increased with larger RI storm inputs.  A 25-year RI storm increased the 

debris flow probability by approximately 20% above the 2-year storm for the 50% and 

100% burn-severity proportions (Figure 3, lower panel).  The debris flow probability also 

increased in variability among basins at the 50% and 100% burn-severity proportions.  

Ultimately, the proportion of basin burned at mod-high severity influenced the debris 

flow probability more than the increasing RI of the storm.  For example, a 2-year RI and 

100% burn-severity level storm had a much greater probability of debris flow occurrence 

than the 25-year RI storm on a 50% burn-severity level across all basins.  Figure 3 

(bottom panel) indicates that it is not likely for a debris flow to occur in a basin with less 

than 50% moderate-high severity burned area, even given a relatively high-intensity 

storm (25 year RI) lasting approximately 1 hour.    

 

C.4.2.2 Discussion of this section:  

The analysis shows that the model is more sensitive to the proportion of moderate- and 

high-severity burned area than increasing rainfall intensity.  This generally reflects the 
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data used to create the model, which is based on several hundred debris flow events 

documented across the Intermountain West (Cannon et al. 2010).  The majority of these 

events were documented in response to low recurrence interval storms (< 2 year), and 

therefore, the regression equation reflects changes in topography, burn severity and soils 

more than rainfall.  A sensitivity analysis performed on a burned area in central Colorado 

also found that model was more sensitive to proportion of moderate and high-severity 

burned area than any other variable (Friedman, 2012).  The soils variables also showed 

greater sensitivity than the topographic variables, whereas rainfall intensity only showed 

a moderate influence on the probability values.   

 

Ultimately, the sensitivity of the model to mod-high burn severity reflects the dramatic 

effect of intense wildfire on the surface properties of a hillslope, which leads to enhanced 

runoff and sediment yields through rill and gully formation.  When hillslopes have been 

severely burned and bare soil is exposed, it allows for rain to directly impact the soil 

surface (Wondzell and King 2003).  These slopes usually have a reduced infiltration 

capacity due to a water-repellant layer or the blocking of soil pores by ash (Meyer and 

Wells 1997; Shakesby and Doerr 2006).  Rainfall quickly runs off, concentrates into rills 

and erodes sediment on steeper slopes.  As reviewed in the previous section, if severely-

burned slopes are connected to channels, then increased runoff will further incise channel 

sediments, and create debris flows in the channel.   

 

There is a non-linear increase in the debris flow probability as the proportion of moderate 

and high-severity burned area increased for a 2-year RI storm (Figure 3, top panel).  An 
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interesting comparison with hillslope-scale studies also showed a non-linear increase in 

sediment yields as the proportion of bare soil increased within a plot (Pierson et al. 

2009).  The sediment yields remained low below ~ 40% bare ground, and then increased 

dramatically above a 60% threshold in bare ground exposed within a plot.  The variability 

in sediment yields among plots also increased above the 60% threshold in bare ground.  

This feature is similar to the increase in the variability in debris flow probability among 

basins, as the proportion of mod-high burned area increased above 60%.   Another study 

developed a predictive model of sediment production from burned hillslopes, and found 

that the proportion of bare ground was most significant factor in the model (Benavides-

Solorio and MacDonald 2005)  

 

We chose to increase the average storm intensity for a one hour storm, rather than 

increasing the storm duration.  More intense rainfall for a one hour storm is more likely 

to influence the initiation process of progressive-sediment bulking in the immediate post-

fire environment.  If rainfall events were to be of longer duration (i.e. multiple hours to 

days), then it would saturate soils at depth and lead to a different process of debris flow 

initiation.  When soils become saturated at depth, it leads to debris flow generation by 

saturation-induced failures, and this is most common in the Pacific Northwest (Jackson 

and Roering 2009).  This initiation process has been observed in the northern Rockies, 

though documented cases occurred more than five years following the fire event (Meyer 

et al. 2001).  If this were the case in the San Juans, then the erosion and debris flows from 

the burned area would likely only constitute a small portion of all geomorphic responses 

throughout the landscape (Larsen et al. 2006).  In an unburned context, a 100-year 
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Recurrence Interval storm impacted the Front Range of Colorado in 1999, and there were 

many debris flows generated above treeline.  The majority of these were initiated by 

runoff-dominated mechanism, primarily driven by bedrock and talus in the contributing 

area.  A smaller portion of the flows were generated by saturation of colluvium and 

discrete hillslope failures, and these occurred on slopes with alpine tundra vegetation 

(Godt and Coe 2007).   

 

C.4.3 Comparison of tree-ring and alluvial deposits: 

C.4.3.1 Results of this section: 

In Steven’s Creek, we sampled a low, flat and broad terrace in the upper stream channel 

composed of fine, sandy sediments with weak stratification. At approximately 30 cm 

depth, there was a layer of darkened fine sediments with a concentration of large, angular 

charcoal fragments.  This layer dated to between 1650 – 1950 AD (Figure 4).  The fine-

grained composition of the deposit was used to interpret an extensive low-severity fire 

event in the upper part of the watershed, which possibly included a small portion of high-

severity fire (Bigio, Appendix B).  We reconstructed seven extensive, low-severity fire 

events between 1650 and 1900 AD in Steven’s Creek (Figure 4, top panel) (Bigio et al., 

Appendix A).  In the year 1778, mixed-severity fire was interpreted from an even-age 

structure at one plot on the north-facing slope.  Mixed-severity fire represents a 

combination of low and high-severity fire behavior from the plot to catchment scale 

(citation).  In this case, there was even-aged cohort of trees indicating high-severity fire at 

the plot.  However, remnant wood within the plot suggested that fire was less intense than 

stand-replacing fire, and thus preserved the older wood on the forest floor.   
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We estimated that mixed and high-severity fire burned upslope from the plot, and 

covered the west-facing slope of a minor tributary feeding into the main stream channel 

(Figure 4b).  Throughout this area, the fire severity was likely patchy with a mix of 

moderate and high-severity fire effects, leaving a partially intact litter and duff on the 

forest floor.  The potential mod-high severity burned area covered 8% of the entire 

contributing area above the streamflow deposit.  Using the contributing area of the upper 

basin, the probability model provided a value of less than 10%.  If we consider that the 

sediment deposit was generated from the smaller tributary, then the mod-high severity 

burned area covered 66% of this sub-tributary.  If the runoff and sediment was entirely 

sourced to the sub-tributary basin, then the debris flow probability was 27%.  The value 

of 27% seems too low, given the steep and rugged topography of the sub-tributary.  

However, the low probability associated with 66% burn-severity proportion confirmed 

that the model is sensitive to burn severity values above topographic values.  Each of 

these model runs was performed with an average rainfall intensity of 18mm/hr for a 2-

year RI storm.    

 

Overall, the correspondence between 1778 fire event documented in the tree-ring record 

and the streamflow deposit in the main channel is reasonable.  The evidence for the 1778 

fire event is based on one age-structure plot with the mixed-severity fire behavior on a 

north-facing slope, located above of the sampling location for the streamflow deposit.  

Generous extrapolations of mixed and high-severity fire showed fire spreading into the 

western slope of a tributary basin feeding into the stream channel.  Even though the sub-
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tributary had 66% moderate and high-severity burned area, the model provided a low 

debris flow probability (< 30%).  If the entire contributing area of the upper basin above 

the sampling location was used, then the debris flow probability value was very low (i.e., 

1%).  

 

The low debris flow probability of the model confirmed the good correspondence 

between the relatively small proportion of mixed and high-severity fire in 1778 with 

streamflow deposition in the channel.  The streamflow deposit is characterized by well-

sorted and fine-grained sedimentation, indicating a flow with low sediment to water 

ratios.  This indicates that total runoff amount from the hillslopes was sufficient for 

transport fine-grained sediments in the channel, but not high enough for transport of 

coarse material, through debris flow or sediment-laden flood processes.  The streamflow 

deposit also suggests that a low amount of sediment was eroded from the hillslopes.  This 

scenario confirmed that large areas of the hillslopes were not exposed, and sediment was 

likely not entrained from extensive rills and gullies on hillslopes.  This also corresponds 

with the plot-level interpretation of mixed-severity fire and a partially intact understory, 

as indicated by old remnant wood found within the plot.  From hillslopes with partially 

intact litter and duff layers, increased runoff would be generated from intense rainfall, but 

sediment yields would remain low or moderate (Benavides-Solorio and MacDonald 

2001; Pierson et al. 2009).  Furthermore, the time for runoff to reach the stream channel 

would likely be slower on a slope with partially intact litter and duff, and thus, resulting 

in less power to entrain coarse channel sediments (Pierson et al. 2009)  
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In Haflin Creek, we sampled a fine-grained muck deposit covered by 1 m thick debris 

flow deposit in the upper part of the basin.  The overlying debris flow deposit contained a 

moderate amount of charcoal contained within a darkened matrix.  A piece of charcoal 

from the muck deposit had a calibrated calendar age of 1487 – 1951 AD (Figure 4a), and 

this date was used to represent the debris flow deposit above.  In the year 1818, the tree-

ring data indicated that an extensive high-severity fire occurred across a large portion of 

the north-facing slopes.  All three age-structure plots on the north-facing slopes exhibited 

an even-age structure with the majority of trees regenerating in the 1820’s.  The forest 

was relatively dense on the north-facing slopes with no remnant wood in the understory 

and no fire-scarred trees, further supporting our interpretation of an extensive, high-

severity fire event.  In contrast, the south-facing slopes exhibited extensive low-severity 

during the 1818 fire year (via multiple, synchronous fire scar dates), with no evidence of 

high-severity fire on this aspect.  On the north-facing slopes, high-severity fire was 

extrapolated to the ridge tops above the plots, and the extent of high-severity fire above 

the sampling location of the debris flow deposit was estimated at 0.65 km2.  This covered 

24% of the total contributing area above the sampling location and 100% of the small 

tributary feeding into the main channel (Figure 4e).  The debris flow probability model 

provided a value of less than 10% for the entire contributing area above the deposit.  

However, the model provided a value of 78% for the sub-tributary feeding the main 

channel, suggesting this tributary as the primary source of runoff and sediment for a 

debris flow in the main channel.   
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The correspondence between the debris flow deposit and the tree-ring data in Haflin 

Creek seems reasonable.  The deposit is a relatively thick debris flow deposit with 

charcoal, overlying a muck deposit with abundant charcoal and fine ash.  The character of 

this deposit is similar to events observed following the Missionary Ridge Fire, though the 

deposit location is in the upper portion of the basin (Cannon et al. 2003).  Therefore, the 

interpretation of extensive high-severity fire from this debris flow deposit is limited to the 

upper portion of the basin.  This event is confirmed in the year 1818 by the tree-ring 

evidence of high-severity fire on north-facing slopes.  The ability to define the sub-

tributary on the north aspect, as a potential source for sufficient runoff and sediment for 

debris flow generation helps to confirm the correspondence of the events.  High-severity 

fire across such a large area would have consumed canopy, litter and duff, and the bare 

exposed slopes would have provided sufficient runoff for debris flow generation.  For this 

sub-tributary, the debris flow model confirmed a debris flow event with a value of 78% 

probability.  

 

The third comparison between the tree-ring and alluvial-sediment record was from the 

Country Market drainage, which was documented in a prior study (Bigio et al. 2010).  

The deposit was hyperconcentrated flow deposit overlying a thick layer of ash, fine silt 

and charcoal.  The sampling location was in the stream channel, near the outlet of the 

basin, just above the alluvial fan.  This deposit had a calendar age range of 1665 – 1954 

AD.  There were seven widespread fire years over this period with evidence of high-

severity fire reconstructed in the year 1879.  The high-severity burned area was 

reconstructed from a small even-aged aspen stand a north-facing slope just above the 
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stream channel.  This stand was approximately 4 ha in area, which was equivalent to 5% 

of the contributing area upstream of the deposit sampling location.  There were no 

subtributaries identified within the basin, and therefore, the small proportion of high-

severity burned area resulted in a very low debris flow probability value (< 10%).   

 

In this case, the hyperconcentrated flow deposit and the results of the debris flow 

probability did not correspond well.  Hyperconcentrated flow deposits represent are 

similar to the sediment-laden flood responses discussed in the first section of this 

appendix.  There minimum mod-high severity burned area for all sediment-laden flood 

responses following the Missionary Ridge Fire suggested was 50% (Figure 2).  Because 

the proportion of mod-high severity burned area was so low, we examined the location of 

high-severity burned area within the basin.  The location of the aspen stand in the center 

of the basin, just above the stream channel, was the reason for increased runoff and 

erosion, leading to hyperconcentrated flow deposition near the basin outlet (Bigio et al., 

2010).  As we saw with the debris flow generated from Coon Creek following the 

Missionary Ridge Fire, the location of the burned area within the center of the basin 

promoted a debris flow event, even though the debris flow probability was relatively low.   

 

C.4.3.2 Discussion of this section:  

Our analysis tested the assumptions and interpretations of the alluvial-sediment record by 

comparing with tree-ring estimates of fire severity and extent in three drainage basins. 

The analysis provided an independent check of interpretations for each proxy method, 

because the fire-severity information from the tree-ring record is based on an 
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extrapolation from point data to burned area estimates.  Further confirmation of the 

correspondence between the proxy methods was provided by a debris flow probability 

model.  Overall, there was good correspondence between the type of geomorphic 

response, the relative proportion of high-severity fire reconstructed from the tree-ring 

data, and the debris flow probability model results.  For each of the comparisons, we 

assumed that years with some portion of high-severity fire were the most likely 

candidates for sediment transport and debris flow activity in the stream channel.  In the 

case with the least correspondence, the location of severely-burned area within the basin 

was analyzed, and then the correspondence was found to be reasonable.  Each of the 

model runs was performed with the average rainfall intensity for a 1-hour, 2-year RI 

storm.  The results of the previous sections illustrated that differences in geomorphic 

responses are more strongly associated with differences in burn severity than rainfall 

intensity.    

 

We found that interpretations of low-severity fire events from relatively thin, fine-grained 

streamflow deposits from the alluvial-sediment record are valid and reasonable.  This is 

shown with the comparison of a fine-grained sediment deposit in Steven’s Creek with the 

limited proportion of mixed and high-severity fire in the contributing area above the 

deposit.  The previous section illustrated that this comparison is valid for a range of 

rainfall intensities for convective storms of less than a few hours.  These findings are also 

consistent with the body of literature discussing erosion and sediment yields from plot-

level studies.  These studies show that intense rainfall can produce runoff from low-

severity burned plots, but that sediment yields usually remain low, related to the 



 
 

188 
 

protective litter and duff covering the soil (Benavides-Solorio and MacDonald 2005).  

Furthermore, if there are patches of high-severity fire on a hillslope, then eroded 

sediment from these patches is likely to be re-deposited downslope on more protected 

areas of the slope (Reid et al. 1999).  In addition, runoff generated from vegetated plots 

travels more slowly down the slope, suggesting that peak flows in the channel would be 

lower, likely only providing enough energy to transport fine sediments in the channel 

(Pierson et al., 2009).  Many of these studies were performed with relatively high rainfall 

intensities.   

  

Over the past 400 years, there were many extensive, low-severity fires in each basin 

which were not preserved in the alluvial stratigraphy.  This has been noted in other 

alluvial-sediment studies, that this proxy method does not capture all geomorphic 

responses at the basin level, and that the proportion decreases for low-severity fires 

(Pierce et al. 2004; Fitch 2012).  This stems from the fact that most low-severity fires, 

regardless of how extensive they are (and regardless of rainfall intensity), do not have 

measurable geomorphic responses.  Comparisons of tree-ring and charcoal records in 

frequent, surface fire regimes have also shown that the number of fires in the tree-ring 

record was not equivalent to the number of fire events identified in the charcoal record 

(Whitlock et al. 2004; Allen et al. 2008).  In general, it is difficult to distinguish 

individual fire events from charcoal records in frequent, surface fire regimes, because 

charcoal series were smoothed with overall greater accumulation rates (Anderson et al. 

2008).   
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Studies in lower-elevation forests with frequent surface fires have illustrated that it is 

more meaningful to analyze charcoal series for overall trends in charcoal production, 

rather than identifying individual fires and calculating fire event frequencies (Allen et al. 

2008; Anderson et al. 2008).  An interesting example of a long-term comparison between 

fire-scar and charcoal records from a Sequoia grove in California focuses on this type of 

analysis (Swetnam et al. 2009).  The comparison was between a 2,000-year 

reconstruction of fire frequency from fire-scars with a charcoal accumulation series from 

the same study area.  The two records were well-matched, and changes in fire frequency 

corresponded closely with variations in charcoal deposition over the record.  This 

suggests that it may be better to analyze the longer alluvial-sediment records for patterns 

of shifts in fire severity, rather than absolute values of fire severity or extent.   

 

We found that the interpretation of extensive, high-severity fire based on relatively thick, 

debris flow deposits was well-supported by the tree-ring evidence of high-severity fire on 

two age-structure plots from the hillslopes above the sampling location.  In the case of 

Haflin Creek, the correspondence of records was also supported by the high probability 

of debris flow occurrence (78%) predicted by the debris flow probability model.  The 

case of least correspondence between the type of geomorphic response, tree-ring data and 

probability model was found in the Country Market drainage.  In this drainage, a 

hyperconcentrated flow deposit was preserved, though it corresponded with a small patch 

of high-severity fire, which covered less than 10% of the total contributing area of the 

deposit.  As we have reviewed in previous sections, the location of high-severity burned 

area can play a role in initiating geomorphic responses within a basin.  In the Country 
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Market drainage, the high-severity burned area was located just above the stream 

channel, and therefore, was important for generating the hyperconcentrated-flow deposit, 

even though the probability model results (< 10%) did not reflect this.  This lack of 

correspondence between hyperconcentrated-flow deposits and model results highlights a 

more general issue of the difficulty of associating these deposits with specific 

topographic, burn-severity and rainfall variables in the modern record.  

Hyperconcentrated flow deposits (sediment-laden floods) are influenced by sediment 

supply in addition to burn severity and topographic factors, which makes them more 

difficult to predict (Cannon 2001; Cannon et al. 2008; Friedman 2012). 

 

Alluvial-sediment records aim to distinguish between low and high-severity fire events 

for reconstructing fire regimes over millennial time scales.  This classification is based on 

the variability in sediment structures and thickness of individual deposits. The 

characteristics range from relatively thin, well-sorted deposits (low-severity) to relatively 

thick, debris flow deposits (high-severity), although there is much variation in 

sedimentary structures within this spectrum. Following this analysis, we feel confident 

with the interpretations at the end members of this spectrum (i.e., the low and high-

severity fires).  We recognize that hyperconcentrated-flow deposits may represent a 

greater range of fire-severity interpretations, though most are likely associated with 

extensive mixed or high-severity fire.  We also recognize that over the late Holocene, 

alluvial-sediment records may underestimate the amount of low-severity fire on the 

landscape.  However, they are still very useful for analyzing shifts in fire severity over 

time or identifying peaks in high-severity fire activity, and associating these with climate 
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variability.  In the future, it may be possible to pursue analysis that interprets area burned 

from alluvial deposits (for example, Higuera et al. 2010), rather than classifying fire 

events in two categories of high-severity fire or low-severity fire (Bigio, Appendix B). 

 

As we have pursued this comparison of alluvial-sediment data and tree-ring record, it has 

become easier to recognize the biases of each record.  Alluvial-sediment records are 

always derived from small, steep tributary basins, and therefore, inherently reflect the fire 

regime of a topographically complex site (Meyer et al. 1995; Pierce et al. 2004; Frechette 

and Meyer 2009; Bigio et al. 2010; Jenkins et al. 2011).  Steep topography can locally 

influence fire regimes to be relatively higher or more variable in severity, often relating 

to the influence of aspect on forest types and fuel loads (Bigio, Appendix A; Iniguez et 

al. 2008).  Yet, the interpretations from alluvial-sediment records are often compared 

with fire history records based on tree-ring and lake-sediment records from each region.  

In many regions, fire-scar records have often been collected from relatively smooth 

topographic settings with few fire barriers (i.e. Brown and Wu 2005).  These records may 

represent less variable fire behavior than is typical for the landscape setting where the 

alluvial-records are collected.  Although this may be changing, as researchers pursue 

more site-specific fire histories aimed at watershed management (Margolis and Balmat 

2009).  In summary, the alluvial-sediment records may represent a different component 

of the fire regime for a given region than indicated by tree-ring records.  Therefore, 

making direct comparisons of the fire regime interpretations from each proxy type 

without site-specific data should be performed with some caution.   
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C.5 Conclusions: 

We found that a debris flow probability model accurately predicted debris flow 

occurrences following the Missionary Ridge Fire, when using design-storm rainfall 

inputs.  In the cases, where the model did not reproduce actual geomorphic responses, 

this was related to both the pattern and location of high-severity burned area within the 

drainage basin.  A sensitivity analysis of the model showed that increasing rainfall 

amounts have little impact on the type of geomorphic response, and that burn severity 

and topography play a much greater role in whether debris flows or sediment-laden 

floods may follow a fire event.  The interpretations of fire severity and extent based on 

alluvial-sediment records corresponded well with tree-ring evidence from the same 

watersheds.  This correspondence was supported by the output of a debris flow 

probability model.  We have confidence in the interpretation methods of alluvial-

sediment records for millennial-length fire history studies, and possible error in these 

interpretations may stem from the location and pattern of burn area within a drainage 

basin.  The more common bias in the interpretations in our study area was to have a 

geomorphic response that suggest a larger area of high-severity burned area, than what 

occurred in reality (i.e. Coon Creek modern or Country Market paleorecord).  Beyond 

this, the longer-term alluvial record will underestimate the number or frequency of low-

severity fires in an ecosystem, and records should be analyzed for shifts in fire frequency, 

rather than absolute values of fire severity.  
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C.8 Figure and Table Captions 
 
 
Figure 1: Study area with twenty-nine basins analyzed with debris flow probability 
model. 
 
Geomorphic responses following the Missionary Ridge Fire are identified with the 
following labels:  DF = debris flow;  SLF = sediment-laden flood, NR = No Response.  
The number in parentheses indicates the ranking of the debris flow probability model 
output (Figure 2).  Drainage basins with names (Haflin Creek, Steven’s Creek and 
Country M.) are locations with the comparison between alluvial-sediment and tree-ring 
fire history results.  The symbols (square, triangle, circle, star, cross) identify the 
watersheds outlined in Figure 2 and discussed in the text.   
 
 
Figure 2: Debris flow probability model results 
 
Top panel: Actual geomorphic responses following MR fire.  The probability values 
reflect the model outputs using design-storm rainfall.  Each of the names on the x-axis of 
the histogram corresponds to the twenty-nine basins numbered in Figure 1.  Topographic 
variables for each type of geomorphic response are compared in the bottom four panels 
 
 
Figure 3: Results of the sensitivity analysis 
 
Top panel: Debris flow probability values for each individual basin in response to a 
rainfall event of 1 hour duration and 2-year RI (18mm).  Each line represents the 
response of an individual basin as the mod-high burn-severity levels increased at intervals 
of 10%.  Bottom panel: The dotted, dashed and solid lines indicate the 10%, 50% and 
100% burn-severity level respectively, and the weight of the line indicates the RI of the 
storm.  Lines connect the debris flow probability values for each basin at the same burn-
severity level and storm input.  The basins are ranked from left to right with increasing 
basin steepness (proportion of basin with slopes > 30%).  The range of debris flow 
probability values at the 2-year RI level for the 10%, 50% and 100% burn-severity levels 
were the same as the top panel. 
 
 
Figure 4: Comparison of fire-related sediment deposits dated to within past 400 years   
 
Panels A, B, C: Calibrated calendar age-range for three alluvial deposits.  Fire years 
identified in the tree-ring record are listed on the horizontal axis.  Red text indicates a 
year with a proportion of high-severity, as reconstructed from age-structure data.  Panels 
D, E, F:  Fire year maps showing the extent of moderate and high-severity fire for the 
individual fire years.  Panel G: Debris flow probability model results for the contributing 
area above the sediment sampling location, including sub-tributary outlined for Haflin 
and Steven’s Creek.   



 

200 
 

 
Table 1: Model input variables for each basin and geomorphic responses 
 
Table 2: Mean, Median and range variables for each type of geomorphic response 
 
Table 3: Radiocarbon ages, calendar ages and sediment characteristics for each deposit 
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C.9 Figures and Tables: 
 

 
Figure 1:  Study area with twenty-nine basins analyzed with debris flow probability 
model 
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Figure 2: Debris flow probability model results 
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Figure 3: Results of the sensitivity analysis 
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Figure 4: Comparison of fire-related sediment deposits dated to within past 400 years 
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Basin 
Number 

Basin 
Name 

area 
(km2) 

% burn
m‐h 

ruggedness % area with 
slope > 30% 

model 
probability 

geomorph
response 

1  Freed  5.60  99 0.40 88 0.77  DF

2  Haflin  4.18  95 0.46 92 0.73  DF

3  Kroeger  3.18  92 0.52 91 0.67  DF

4  Marina  0.61  100 0.55 72 0.63  DF

5  Root  1.77  100 0.31 45 0.53  DF

6  Country M.  0.90  91 0.62 77 0.52  DF

7  Stevens  15.60  81 0.28 84 0.51  DF

8  Woodard  2.35  80 0.54 94 0.50  DF

9  Gut  0.90  89 0.57 78 0.50  DF

10  Unnamed 3  0.93  90 0.48 58 0.38  DF

11  Lemon_SW  1.37  97 0.40 26 0.29  DF

12  Coon  20.75  70 0.26 61 0.20  DF

13  Jack  4.93  94 0.27 49 0.49  SLF

14  Dry  3.03  82 0.38 74 0.43  SLF

15  Shearer  18.20  71 0.21 73 0.31  SLF

16  Red_Vall  25.34  62 0.25 63 0.19  SLF

17  Elkhorn  5.49  67 0.41 58 0.13  SLF

18  True  6.69  52 0.27 73 0.13  SLF

19  Red_Florida  18.89  56 0.17 59 0.13  SLF

20  Freeman  6.01  51 0.47 70 0.08  SLF

21  Graham  2.88  65 0.39 81 0.26  None

22  Middle_m  3.54  57 0.37 63 0.12  None

23  Wilson  4.01  51 0.29 59 0.09  None

24  T_lakes  4.85  60 0.29 20 0.04  None

25  Lost  5.97  25 0.49 88 0.03  None

26  Lemon_NW  8.55  19 0.25 61 0.01  None

27  Lemon_1  2.64  21 0.44 54 0.01  None

28  Lemon_2  5.13  22 0.35 46 0.01  None

29  Lemon_3  4.00  16 0.43 45 0.00  None

Table 1: Model input variables for each basin and geomorphic responses 
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Geomorphic 
response 

 
statistic 

 
area (km2) 

% burned 
m‐h 

 
ruggedness 

% area with 
slope > 30% 

DF 
 
 

Mean  4.85 90 0.45  72

Median  2.06 91 0.47  78

Range  0.61  ‐ 20.75 70 ‐ 100 0.26 ‐ 0.62  26 ‐ 94

SLF 
 
 

Mean  11.07 67 0.30  65

Median  6.35 65 0.27  67

Range  3.03 ‐ 25.34 51 ‐ 94 0.17 ‐ 0.47  49 ‐ 74

NR 
 
 

Mean  4.62 37 0.37  57

Median  4.01 25 0.37  59

Range  2.64 ‐ 8.55  16 ‐ 65 0.25 ‐ 0.49  20 ‐ 88

Table 2: Mean, Median and range variables for each type of geomorphic response 
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Sample ID  14C age  Calendar age 
 (2 sigma) 

WA 
 

Deposit 
Type 

Thickness 
 

Charcoal 
content 

VCMB_10A  123 +/‐72  1665 ‐ 1785 (0.414)
1793 ‐ 1954 (0.586) 

1805   HCF 
  

30 cm  Moderate 

SC03_30cm 
  
  
  
  

173 +/‐34   1654 ‐ 1700 (0.192)
1703 ‐ 1706 (0.003)
1720 ‐ 1819 (0.519)
1833 ‐ 1881 (0.095)
1915 ‐ 1953 (0.190) 

1792  STR  10 cm  High,  
In lense 

HAF04_V1 
_1.0m 
  
  
  

263 +/‐ 44  1487 ‐ 1604 (0.432)
1608 ‐ 1681 (0.396)
1739 ‐ 1752 (0.012)
1762 ‐ 1802 (0.131)
1937 ‐ 1951 (0.029) 

1636  DF 
(muck) 

100 cm  Low, 
except for 
at muck 
layer 

Table 3: Radiocarbon ages, calendar ages and sediment characteristics for each deposit 
 

 

 
 
 
 
 
 


