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Introduction

Reliable information about historical fire regimes is required to understand the long-term effects of fire and climate on ecosystem dynamics and to help guide fire and forest restoration planning (Agee 1993, Schmidt et al 2002, Swetnam et al. 1999).  High resolution fire mapping and documentation is being obtained for current fires using remote sensing technology (e.g., Key and Benson 2006), but key parameters of historical fire regimes such as fire frequency, size, seasonality, and spatial patterning must be inferred from limited proxy evidence left behind by past fires (Baisan and Swetnam 1990, Swetnam et al. 1999).  In ponderosa pine forests of the Southwest, fire scars are the primary source of physical evidence used to date past fires and estimate fire frequency (Dieterich and Swetnam 1984, Baisan and Swetnam 1990, Fulé et al. 2003, Brown and Wu 2005).  The presence of a fire scar provides irrefutable evidence of past burning at a single point in time and space (tree bole), but interpretation of the absence of a fire scar is ambiguous because not all fires form scars on trees and not all scars persist through time (Swetnam and Baisan 1996a).  Thus, fire-scar data provide only partial records of past fires at discrete points on the landscape.  Any broader inference about spatial extent of past burning between or beyond sampled points requires inferences about fire spread based on the spatial and temporal distribution of fire-scar dates.  Empirical studies are needed to test key assumptions and interpretations used in fire-scar analyses and to better understand the accuracy and uncertainty associated with reconstructed fire regimes. 

There is an active debate among fire historians about the best ways to collect and interpret fire-scar data to represent historical fire patterns on landscapes (Jonhson and Gutsell 1996, Swetnam and Baisan 1996a, Minnich 2000, Baker and Ehle 2001, 2003, Fulé et al 2003, Stephens et al. 2003, Van Horne and Fulé 2006).  Much of the uncertainty is due to the lack of systematic corroboration of fire-scar data with independently derived fire histories (e.g., mapped fires).  We use the term “corroboration” here in the sense of an empirical comparison of two different estimates of fire history.  Like fire-scar data, documentary data are also subject to various types of imprecision and inaccuracy, requiring certain assumptions and interpretations (Morgan et al. 2001, Rollins et al. 2001).  Hence, we consider our analyses to be a form of corroboration, achieved by comparison of two independent estimates, rather than a “validation” , which might erroneously imply that one of the data types is the complete or absolute “truth” (see Turner et al. 2001, add page numbers here?). 

Spatially explicit corroboration of fire-scar data using independent, documentary fire history is a major challenge in ponderosa pine ecosystems because it requires the co-occurrence of two relatively rare criteria.  First, the landscape must have enough modern fires to provide an adequate sample size (i.e., number and spatial variety of fire events) and serve as a reasonable analog to past fire regime conditions.  Secondly, the landscape must have accurately mapped documentary records derived from direct observation (e.g., dates of occurrence, causes, locations and perimeters, etc.).  In the United States, contemporary documentary records are generally good at least during the past two to three decades, but few ponderosa pine forests have burned multiple times. In Mexico,some pine-dominated forests have burned frequently during the 20th century (e.g., Baisan and Swetnam 1995, Stephens et al. 2003, Fulé et al.  2005), but independent, ground-mapped fire records are generally lacking.  Consequently, empirical validation of fire-scar based interpretations of past fire timing, frequency, and extent have been largely anecdotal, and typically limited to one or a small number of fire events. No published research (to the best of our knowledge) has systematically compared spatially explicit, landscape-scale fire histories reconstructed from fire scars with multiple documentary-based mapped fires. 

A landscape with a contemporary fire regime suitable for a comprehensive and systematic fire-scar corroboration with documentary records exists in the Rincon Mountains of southern Arizona.  The ponderosa pine dominated forests on Mica Mountain in Saguaro National Park (the largest of two major peaks in the Rincon Mountains) have experienced an unusually high frequency of 20th century fires relative to similar forests elsewhere in the United States.  Based on 20th century fire maps maintained by the National Park Service (NPS), some stands on Mica Mountain have burned at least nine times between 1937 and 2000.  Numerous multiple-burn polygons have been mapped and the high spatial and temporal heterogeneity of the documentary fire record provide the opportunity for a variety of fire frequency and extent comparisons with the tree-ring reconstructed fire history.  Fire-scarred trees are also abundant in this designated wilderness area.  These forests have never been logged or developed, with the exception of a primitive road (now grown over) and two log cabins (ranger stations) constructed at the summit in the early 1900s  (Baisan and Swetnam 1990). This combination of extensive tree-ring records, documentary fire records, and a frequently burned, un-harvested landscape provides a rare opportunity to independently corroborate landscape-sale fire histories reconstructed from fire-scar data against independently derived fire maps.  

The primary purpose of our research was to test basic assumptions and analytical approaches used to develop landscape fire histories from point-based fire scars.  We compared several spatial and temporal fire history parameters derived independently from fire-scar data and NPS fire maps.  We assumed that ground-mapped fire perimeters within the study area provided sufficiently complete and accurate data to corroborate fire histories reconstructed from fire scars.  
We addressed the following questions in this paper:  How effective are fire-scar data at providing a complete inventory of fire dates as recorded in the documentary data?  What is the relationship between the number of trees recording a fire scar and annual area burned as recorded in the mapped data? How similar/dissimilar are the reconstructed quantities of burned areas estimated from fire scars as compared to the estimates from mapped burned areas.?  How similar/dissimilar are interpolated burn perimeters from fire scars compared to mapped fire perimeters ?  How do metrics of fire frequency differ between fire-scar and documentary estimates and the method of calculation? 

 [move this note to the end of the text or omit it entirely] 
Twentieth Century Documentary Fire Records 
The National Park Service (NPS) maintained detailed records and maps of fires on Mica Mountain since 1937.  The intent was to ground map as many fires as possible and record information about fire size, cause, origin date, and control data. Fires less than 30 hectares (ha) were generally mapped as points (at their origin) and fires greater than 30 ha were mapped as closed perimeters.  These fire records were maintained in a relational database updated annually; hereafter referred to as the “NPS fire atlas” (Swanteck 1999a 1999b, Saguaro National Park 2002).   Several (?? or list which ones) large fires after 1943 were mapped immediately after burning by private or government survey crews.  More recent fires were mapped using Global Positioning System (GPS) technology.  A valuable feature of the NPS fire atlas for our analyses was the abundance of overlapping burn polygons (fire perimeters), representing areas that have burned at different frequencies,  from once to as many as nine times over the past 70 years. 

Although the NPS intended to document all fires that occurred in the Rincon Mountains, some small lightning-ignited fires, common during the Arizona “monsoon” season (i.e., early July through August), were not recorded [we know this to be true – it is not a matter of conjecture]. Such small fires are often extinguished by rain before being detected or mapped. Another limitation of the NPS fire atlas was that no unburned areas (or severity levels) were mapped within individual fire perimeters (polygons).   However, it is known from experience in these forest types that it is fairly common for some areas enclosed within mapped perimeters (especially of fires > 1 ha) to remain  unburned (personal observations of the authors, who are experienced wildland fire fighters and observers of wilderness “fire use” events).  The spatial accuracy or precision of some small fires mapped as points prior to GPS technology are unknown.  However, considerable effort was made by NPS personnel to describe in detail the locations of even small fires. Most large fire perimeters were ground-mapped and are considered relatively accurate, but  it is assumed that there are some mapping errors in the database. 
Summary of Twentieth Century Fire Occurrence on Mica Mountain

The NPS fire atlas included 414 documented fires within the study area between 1937 and 2000 for an average of 6.5 fires/year (Table 1). Multiple fires occurred every year.  Total area burned by all fires during the 64 year period was 6,636 ha.  Most years had only small fires that burned less than 40 cumulative ha.  However, there were 21 individual large fires that burned more than 100 ha each (and up to about 1,600 ha) distributed across 12 different fire dates. These 12 dates accounted for only 19% of the 64 fire dates during the study period but 97% of the 6,636 ha burned.  Moreover, the 21 fire perimeters resulted in multiple-burn polygons consisting of many unique combinations of fire events in different areas.

Lightning-ignited wildfires accounted for 93% of all fires and 86% of the total area burned during the study period, consistent with the findings of Baisan and Swetnam (1990).  A total of six management-ignited prescribed burns comprised most of the remaining 14% of the total burned area.  Human-caused wildfires accounted for 6% of the total fires but less than 1% of the burned area.  

Fires on Mica Mountain were managed by the U.S. Forest Service from 1906 to 1933 and by the National Park Service from 1933 to the present.  Although early fire management prior to 1972 consisted exclusively of fire suppression, the remote and rugged terrain allowed many spring or arid foresummer fires to grow relatively large (>200 ha) before being suppressed.  A prescribed natural fire (termed “wildland fire use” today) program was implemented between 1972 and 1994 to allow some lightning ignitions in the wilderness fires to burn under certain conditions. Three lightning fires during this period were allowed to grow to more than 200 hectares in size. The National Park Service initiated a management ignited prescribed burning program in 1993 which accounted for the six management-ignited prescribed burns in the NPS fire atlas.  Numerous wildfires and prescribed fires have occurred since 2002 but are not included in this analysis because they post-date the fire-scar sampling. 
Materials and methods

Study Area

The study area is located in the Rincon Mountains in Saguaro National Park Wilderness Area just east of Tucson, AZ, USA (Fig. 1).  The Rincon Mountains are a typical Sonoran Desert “Sky Island,” rising from the desert floor at an elevation of 2,641 m to the forested summit of Mica Mountain at 2,641 m.  The mountain harbors extensive coniferous forests at the high elevations (Bowers and McLaughlin, 1987).  The study area polygon consists of 2,780 ha and marks the spatial distribution of the coniferous forest belt on Mica Mountain.  The polygon was delineated prior to field sampling using aerial photography to map the lower forest ecotone.  Ponderosa pine (Pinus ponderosa P.& C. Lawson) or Arizona pine (Pinus ponderosa var. arizonica) is the dominant tree species above 2,100 m.  Gambel oak (Quercus gambelii Nutt.) occurs as isolated individuals, small groups, or occasionally in thickets on cooler aspects, throughout this zone.  Southwestern white pine (Pinus strobiformis Engelm.) is a ubiquitous co-dominant above 2300 m.  White fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr) and Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco) form isolated mixed conifer stands with ponderosa and Southwestern white pine on north aspects in the northern part of the study area.  Ponderosa pine decreases in dominance at lower elevations and becomes locally absent near the lower forest boundary.  Alligator juniper (Juniperus deppeana Steud.), border pinyon (Pinus discolor D.K. Bailey & Hawksworth), Arizona white oak (Quercus arizonica Sarg.), and silverleaf oak (Quercus hypoleucoides A. Camus) are common at the lower elevations near the lower forest ecotone (below 2,200 m).

Average annual precipitation varies strongly with elevation, ranging from approximately 33 cm at the base of the mountain (800 m elevation) to approximately 89 cm at Manning Camp (2,438 m elevation).  The seasonal distribution of precipitation is bimodal. About 58% falls as rain between May and September, peaking in July and August during the wet summer monsoon season. The remainder falls as rain or snow between October and March, peaking in December and January.  Fire season typically occurs between April and September.   Maximum area burned peaks during June, whereas the maximum number of ignitions is in early July, coincident with the monsoon and peak lightning occurrence season (Baisan and Swetnam 1990, Crimmins and Comrie 2004).  Most 20th century fires were ignited by lightning (Table 1, Baisan and Swetnam 1990). Annual lightning density on Mica Mountain is relatively high, with some areas receiving up to 8 downstrikes/km/year during the period 1989 to 1999 (Farris, unpublished data from National Lightning Data Network?? Or where?  I believe the proper reference is in Rollins dissertation).  Lightning fires are common during the monsoon season in July and August but they rarely become widespread before being extinguished by rain. Fires in September and October are uncommon but when they occur may spread under the drying conditions that typify this period.  
Fire-scar data

We sampled fire-scar data from sixty 1-ha plots using a two-phase systematic and random sampling approach.  The purpose was to provide a uniform distribution of sample plots, completely independent of the fire atlas, and with adequate density to detect the typical large fires (i.e. > 100ha) as defined by this study.  An initial plot was established randomly within the study area. From this plot, a 1.2 km grid was generated with a 45 degree orientation to maximize the number of grid cells within the study area. During the first phase, 23 plots were systematically generated within the center of each 1.2 km grid (Fig. 1).  During the second phase, 37 additional plots were located randomly between initial grid points to increase the sampling density and create greater variation in lag distances between points.  When systematic or random plots were located on rock outcrops or barren ground they were moved to the nearest forest stand.  Some low elevation grid cells had a lower plot density because they were dominated by patches of juniper and pinyon trees which did not have cross-dateable fire scars.

Within each plot, we collected 3 to 14 (average 6) fire-scarred cross sections from living trees and remnant wood (i.e., logs, stumps, snags).  Of the 395 fire-scarred cross sections sampled, 202 had tree-ring records encompassing part or all of the validation period (1937 to 2000).  In most cases we collected all of the fire-scarred material that was evident within each 1-ha plot. Where there was an abundance of material, we sampled trees with well-preserved fire scars that provided the best combination of records from both young and old specimens to maximize the length and completeness of the temporal record.  All cross sections were prepared and cross-dated in the laboratory using standard dendrochronology techniques (Stokes and Smiley 1968). All fire scars were assigned a calendar date, and where possible, an intra-annual ring position to determine the approximate seasonal timing of fires (Dieterich and Swetnam 1984, Baisan and Swetnam 1990).  

Because trees may not record all fires that burned in their vicinity, all fire dates within individual plots were combined to form a single composite chronology for each plot (sensu Dieterich 1980).    Vegetation and topography were typically homogeneous within the plots, therefore the composite plot chronologies are reasonably assumed to be relatively complete inventories of fire events within the 1-ha sampling areas during the time spans encompassed by the tree-ring specimens.  The composite fire records from each plot were analyzed at a minimum scale of 1-ha “points” and we made no inference or assumptions about spatial or temporal heterogeneity below this scale. A master fire chronology (sensu Dieterich 1980) was developed for the study area based on the composite chronologies from the 60 plots.  The number of plots capable of recording fires each year – known as “sample depth” - ranged from 57 to 60 during the analysis period (19xx to 200x) and varied little due to the use of multiple tree compositing and the recent time period of the study.
Data Analysis

Fire Date Inventory

A common objective of fire history research is to obtain a complete inventory of fire dates within a given area, particularly “major” fire dates when extensive burning occurred (Swetnam and Baisan 1996, Van Horne and Fulé 2006).    We calculated the proportion of documented fire dates in the study area (from the NPS fire atlas) detected by the fire-scar network. To assess how fire-scar detection varied as a function of area burned, we used three different sets of documented fire events: all fires, fires with at least 40 ha burned and fires with at least 100 ha burned.

For individual plots, we constructed a 2x2 contingency matrix to evaluate how many plots within NPS mapped fire perimeters actually recorded that fire (e.g., fire-scar data = observed, NPS fire map = expected).  Only extensive fires – defined as fires that  encompassed multiple plots - were included in the analyses. Small NPS “spot” fires were not included because they were mapped as discrete points with varying spatial accuracy over time, and in the absence of a fire scar, it cannot be determined with certainty whether the plot and NPS spot fire actually intersected. We also assessed the relative importance of compositing on the detection of extensive fires within each plot by determining how many fires were recorded by individual trees.  

Percent Scarring and Area Burned

Annual fire-scar synchrony – defined as the percentage of samples (plots, or sites) that recorded a fire in a given year – has been widely used as a relativistic index of total area burned (e.g., Swetnam 1993, Taylor and Skinner 1998).  We quantified the strength of this relationship in our study area by regressing the percentage of plots scarred annually against the amount of area burned (ha) as documented independently by the NPS fire atlas data.  In many fire-scar studies percent scarring has been analyzed as a categorical threshold by “filtering” out fire dates that do not meet some specified scarring percentage.  Although any threshold percentage can be used, filtering at the 10% and 25% level has been most widely reported in the published fire history literature. To assess the effectiveness of this approach, we calculated the mean area burned (ha) for fire dates in which >10% and >25% of the plots recorded a scar. Filtering categories were not statistically independent because successively higher categorical thresholds may contain the same fire date (i.e., a date recorded by 50% of the samples was included in both the 10% and 25% categories).  For that reason, differences in mean areas burned between filtering categories were interpreted qualitatively.  
Spatial Pattern Interpolation 

We used Thiessen polygon tessellations, also known as Voronoi diagrams (Burrough and McDonnel 1998), to interpolate synchronous fire-scar dates into spatially continuous fire perimeter maps.  The Thiessen polygon approach was based on the simple assumption that the presence/absence of a fire event at any unsampled location was best predicted by the presence/absence of a fire event at the nearest data point reference.  This approach was ideal for this study for three reasons. First, Thiessen polygon tessellations closely resemble qualitative, expert knowledge-based techniques commonly used by fire historians whereby perimeters are drawn between scarred and unscarred plots.  Second, this approach required the least amount of parameterization and subjective user input, which was important in this study to prevent bias because the fire locations were already known.  Third, this approach was very well suited for interpolating binary data (such as fire maps) from uniformly distributed data points.  

Two rules were used to determine which fire-scarred plots were interpolated and how exact fire boundaries were estimated: 1) at least two adjacent plots had to be scarred in a given year for a fire to be interpolated, and 2) if a polygon lacking a fire scar in a given year at a centroid plot was 100% surrounded by burned polygons in that year, it was recoded as burned.  The first rule was conservative and assumed that fire-scar dates restricted to single plots or widely separated plots did not burn beyond the plot boundary (or boundaries).  Conversely, the second rule assumed that when a single unscarred plot was completely surrounded by scarred plots, fire burned throughout the entire set of adjacent polygons.  It is likely that unburned areas sometimes occurred within larger burned areas, but the assumptions for the second rule are consistent with assumptions associated with the NPS fire atlas map.  In the latter  case, all areas within NPS mapped polygons were assumed to have burned.  In both cases the assumptions were consistent with a goal of mapping external perimeters of fires and total areas encompassed, rather than internal heterogeneity (burned and unburned sub-areas) of polygons. 

Individual fire perimeters interpolated from fire-scar plots were combined to form a single, spatially explicit fire frequency map for the study area.  A similar fire frequency map was created from the NPS fire atlas and compared with the fire-scar based map.  A Pearson’s cross-correlation coefficient (Zar 1999) was calculated between the two maps to compare the correspondence of fire frequency values. The proportion of the study area occupied by each fire frequency class was also computed and compared between the predicted (interpolated) and actual (NPS) fire frequency.  
Annual Area Burned

Area burned is an important parameter of fire regimes and was used to calculate statistical metrics such as the Natural Fire Rotation (see below).  Annual area burned can be estimated spatially through the interpolation of fire perimeters from plot data (as described above), or relativistically by using the ratio of gridded or uniformly distributed samples scarred.  The former uses the spatial coherence of scarred plots and the latter assumes each sample or plot always represents the same proportion of the landscape. We estimated annual area burned from fire scars using Thiessen polygon maps and a ratio method where the annual percentage of plots scarred was assumed to be equivalent to the percentage of the study area burned (i.e., 1:1 ratio). For the ratio method, area burned was only calculated for years in which two or more adjacent plots recorded a scar. Fire-scar values were compared with area burned derived from the NPS fire atlas using linear regression.  
Fire Frequency Statistics

The two most commonly used fire history metrics in the literature are the composite Mean Fire Return Interval (MFI) and the Natural Fire Rotation (NFR).  The composite MFI is the average number of years between fires of some size that occurred anywhere within a specified area (Romme 1980).  The NFR, sometimes referred to as Fire Cycle (Romme 1980, Agee 1993 ), is defined as the average time required to burn an area equal to the size of the study area (e.g., 2,780 ha for the Mica Mountain study area).  Note that all fire dates are weighted equally in the calculation of the composite MFI regardless of size.  Therefore, in most cases, it is customary to add a relativistic area burned component to the MFI by applying threshold filtering to eliminate fire intervals resulting from small fire dates.  Ten percent  or 25% filters are commonly used, meaning that only fire events recorded by ≥10 and ≥25% of the fire-scar recording trees sampled,  respectively, are used in the MFI calculation .   

We compared the MFI for the study area calculated with fire-scar data and the NPS fire atlas.  The unfiltered MFI could be compared directly between the two data sources because it was based solely on the presence or absence of any fire date.  However, filtered MFI values were not directly comparable between datasets because fire-scar data consisted of dimensionless points and fire atlas data consisted of area-based maps.  For a standardized comparison it was necessary to either convert the fire-scar data to area maps, or convert the fire atlas maps to point data.  We used both approaches to compare MFI values filtered at 5% intervals ranging from 5 to 25.  First, we filtered fire dates based on the percentage of area burned using fire maps from the atlas and interpolated fire maps from fire-scar data.  Second, we converted atlas maps to pseudo-point data by overlaying locations of fire-scar plots on fire perimeter maps. In this approach, it was assumed that all fire-scar plot locations falling within the mapped perimeters of fires would have burned and would have recorded the fire.   

We calculated the study area NFR for each dataset using the following equation:

(1) 
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where T was the number of years (1937 to 2000 in this case) and P was the cumulative proportion of the study area burned (which can be greater than 100%).  For the fire atlas data, the proportion of the study area burned was extracted directly from the GIS fire maps. For the fire-scar data we calculated NFR values using area-burned values derived from both Thiessen polygons and the ratio method described in the previous section.  A separate NFR was calculated for each and compared with the fire atlas data.
Fire Seasonality

The relative intra-annual ring position of fire scars can be used to determine the relative season of burning (e.g., Dieterich and Swetnam 1984, Baisan and Swetnam 1990, Stephens et al. 2003).  Because the beginning and end date of each large fire was recorded in the NPS fire atlas, we were able to compare the estimated month of occurrence from fire scars with actual month of occurrence. We constructed percent frequency histograms for the six fires with the largest number of clear, seasonally dated fire scars to determine if the peak ring position corresponded with the expected ring position based on known tree growth phenology for conifers in the Southwest (Fritts 1976 Baisan and Swetnam 1994. [I have put the citation in the references – is that sufficient for the unpublished report?]). 
Results

Fire Date Inventory 

Twenty-seven fire-scar based fire dates were detected in the study area between 1937 and 2000 (Fig. 2).  Thirteen of those fire dates were detected at only a single plot and 14 were detected at multiple plots (range 2 to 35 plots).  The probability of detection increased sharply as annual area burned increased (Table 2). Only 27 (43%) of the 64 documented NPS fire atlas dates were detected by the fire-scar network in the study area, but all 12 dates (100%) in which 100 ha or more burned were detected in at least two sample plots (Table 2).  Thus, the fire-scar network provided a complete inventory of the large fires (that resulted in >97% of the area burned) and missed only dates with small fires that burned mostly between sampling plots.  Only two single-tree monsoon season fire scars could not be reasonably matched with a documented fire (by date and approximate location) in the atlas.

A cumulative total of 159 plots were located within the 21 mapped NPS fire perimeters (range of 1 to 39).  The plots recorded the corresponding mapped fire 132 times (83%) (Fig. 3).  In no case was a large fire not detected by any plots within the perimeter.  Out of 600 cases in which a plot was outside of a mapped perimeter, the plot recorded that fire date six times (1%). In all six cases the plot was less than 100 m from the mapped perimeter. 

Compositing fire dates from multiple trees was necessary to ensure a complete record of extensive fires that burned through individual plots, especially in the most frequently burned plots (Table 3).  In the 31 plots that recorded 2 or 3 extensive fires from the NPS fire atlas, compositing two or more samples was required to detect all those dates in only 5 cases (16%)  (i.e., in 26 cases, or 84%,a single sample contained all the fire dates).  In contrast, in the 11 fire-scar plots that recorded 4 or more of the extensive fires from the NPS fire atlas, compositing two or more samples was required to detect all those dates in 6 cases (55%).  Compositing was particularly useful for identifying consecutive-year fire dates in plots because consecutive-year fire scars on single trees were rare and difficult to interpret when present (for example, 1993-94, 1997-98). 

Fire Scar Synchrony 

There was a strong linear relationship (r2 = 0.95) between the percentage of fire-scar plots that recorded a fire (i.e., fire synchrony) and the amount of area burned for a given year (as documented by the NPS fire atlas) (Fig. 4a).  High fire-scar synchrony resulted exclusively from the occurrence of one or more extensive fires that spread between plots; in no case did the simultaneous co-occurrence of small fires in the NPS fire atlas result in scars at more than two plots during the same year.  In only two years – 1961 and 1964 – did two plots record fires known not to have spread between them (based on the NPS fire atlas data), and only in 1964 were the plots adjacent to each other. Thus, the interpretations commonly applied in fire-scar based fire history studies (e.g., Swetnam and Baisan 1996a, Fulé et al. 2003, Stephens et al. 2003) that (a) high fire-scar synchrony can be a reliable proxy for annual area burned and (b) that categorical filtering can provide a useful relativistic index of area burned by eliminating the influence of small ‘spot’ fires were corroborated in this study (Fig 4b).  
Area Burned Estimation

Estimation of annual area burned from fire scars correlated closely with area burned derived from ground-mapped fire perimeters (r2 = 0.97 for Thiessen polygons; r2  = 0.96 for ratio method) (Fig. 5).   As expected under a uniform sampling distribution, results between the Thiessen polygon and ratio method were generally similar. Both techniques resulted in regression slopes close to 1.0, indicating a nearly 1 to 1 relationship.  Given the spatially well-distributed set of sample data in this study, both spatially explicit interpolation and relativistic extrapolation methods provided excellent estimates of annual area burned.  

Spatial Patterns of Fire Frequency

There was strong spatial coherence of fire frequency patterns between maps interpolated from fire scars and the NPS fire atlas (Figs. 6, 7a and 7b).  The Pearson’s cross correlation between maps was r = 0.81 (p = 0.001) reflecting the strong visual correspondence between clustering of high and low fire frequency.  The comparisons of proportions of the study area burned by fire frequency classes revealed that less than 15% of the total area in each map (fire-scar vs. NPS fire atlas estimated) differed by a frequency of more than one fire (Fig 7c).  In addition, there were no consistent patterns of over- or underestimation that would indicate a strong bias in the fire-scar data or NPS mapped data.  The fire-scar data slightly over-predicted the amount of one and two burn frequencies and slightly under-predicted the amount of three and four burn frequencies relative to the NPS fire atlas, but the biggest difference for any fire frequency class was 5%.  Hence, the relatively simple nearest neighbor assumptions and rules applied to the Thiessen polygons resulted in a remarkably good representation of the complex historical spatial patterns of fire frequency within our study area.
Fire Frequency Metrics

The unfiltered MFI for the entire study area was 2.2 years for fire-scar data and 1.0 years based on the NPS fire atlas (Table 4).  Although not all fire dates were detected by the fire-scar network, the difference in the MFI was small because the value asymptotically approaches 1.0 when large numbers of fire dates are detected, and/or large study areas are considered (Falk and Swetnam 2003).  As expected, the MFI of both datasets increases as the threshold level of filtering increases.  The fire-scar MFI values closely corresponded with the fire atlas MFI values regardless of whether area-based or point-based filtering was used. In most cases the MFI was either identical or varied by less than one year, with the largest difference being only 4.2 years in the case of the 10% filter (Table 4).  This can occur when the percentage of area or plots burned falls very close to a given threshold value and/or when the number of intervals decreases due to fewer fire dates that meet the threshold value. By the time filtering reached the 25% level, the same fire dates and intervals were identified by both datasets and filtering methods (area versus point). 

The NFR calculated from NPS fire atlas maps was 26.8 years and the NFR calculated from interpolated fire-scar data was 29.6 years.  Thus, on average it took about 26.8 to 29.6 years for 2,780 ha to burn somewhere within the study area. The NFR calculated using point ratios was slightly lower, being 22.1 for converted NPS fire atlas pseudo-plots and 23.8 years for fire-scar plots.  Point-based NFR values were slightly lower than the spatially explicit area-based NFR values because of spatial clustering of plots. The spatially explicit interpolation accounts for this clustering by forming smaller polygons, whereas the ratio method assumes a constant 1:1 proportion of study area to plots.
Fire Seasonality

In every case, the most frequent intra-annual fire-scar position matched the expected value based on the known seasonal occurrence of the fire from the NPS documentary record (Fig. 8).  Due to variation in local site conditions and tree phenology, each fire exhibited a distribution of intra-ring positions rather than just a single value.  The two late season fires (1956 and 1997) that occurred after the monsoon (a lightning-caused and a prescribed burn, respectively) had a few trees with scars exactly on the ring boundary that were initially assigned to dormant position for the following year.  However, in both cases the majority of scars were correctly and clearly dated to the current year’s latewood, so there was no dating error.  The prescribed fire (1997) occurred in November, a time when virtually no lightning ignitions or burning have been documented.  
[Cal:  I think you need to add some more information to Fig 8, namely, a legend that identifies what each of the intra-ring position codes refer to, AND an approximate time window for each of the positions.  These time designations could be months or ranges of parts of months, e.g., EE = early-earlywood scar, early May to early June, etc.  I have a slide where I list these time period designations for So. AZ that I can send to you…  but presumably you used a set of dates matched to intra-ring codes that you determined with Chris’ and other phenology data?]
Discussion

Our study is the most comprehensive corroboration yet conducted of a landscape-scale fire history reconstructed from fire-scar data with independently mapped fire perimeters.  Our results clearly demonstrate that a spatially well-distributed fire-scar network can be used to accurately characterize key temporal and spatial characteristics of past fire regimes.  
Interpreting the Fire-Scar Record

Obtaining representative fire histories from fire scars requires an understanding of how fire-scar networks record fire dates and which fires are most likely to be detected.  It is generally the case that a relatively small proportion of wildland fire dates account for a majority of total area burned (Moritz?  Simard? ***).  Relatively widespread fires have a significantly higher probability of being detected by fire-scar networks than small, localized fires that burn little area (Table 2).  This pattern is clearly evident on Mica Mountain where every large fire date (>100 ha) was detected but only 27% of the small fire dates (<100 ha) were detected (Table 2).  Fule et al. (2003) found similar patterns in Grand Canyon National Park where fire scars detected all documentary fire dates >8ha. 
This tendency of replicated and composited fire-scar records to provide complete inventories of large fires, but incomplete inventories of small fires (over relatively large study areas), is likely due to the geometric relationship between point-based fire scars and area-based fire events.  As area burned increases in a given event there is a greater likelihood that fire will intersect more sample locations and scar more trees across the landscape.  Conversely, as sample area decreases the proportion of relatively widespread fires to small fires (within the sample area) will increase (Falk and Swetnam 2003, Farris et al. in prep).  Therefore, even though collectively small fires may be relatively frequent over large landscapes, and many will be recorded by fire scars, a disproportionately high proportion of fire-scar dates recorded at any given point are formed by widespread fires (Table 1 and 2).  

The ability to distinguish small fire dates from large fire dates in the fire-scar record has important implications because various fire frequency statistics emphasize fire size and extent differently.  Our results demonstrate that (a) annual fire-scar synchrony can be a reliable proxy for annual area burned and (b) categorical filtering provides a useful relativistic index of area burned by eliminating the influence of small ‘spot’ fires (Fig 4).   Thus, filtering makes it possible to easily and effectively differentiate between years with one or more widespread fires and years with small, localized fires using percentage filtering.  Moreover, fire-scar synchrony can be used to either estimate the absolute area burned or the relative area burned depending on the objectives of the research.  Although filtering can be performed at any level, 10% and 25% are commonly used benchmarks for identifying major fire dates, and this approach has been useful assessing the relationship between climate and relative areas burned (e.g., Swetnam and Betancourt 1998).   In the case of our study area, the 25% filter provided the most consistent and similar estimates of fire frequencies among area and point-based estimates using fire-scar and NPS fire atlas data (i.e., 25% filtered composite MFIs were about 26 years, NFR estimates were about 24 to 27 years).
Minnich et al. (2000) speculated that the relationship between fire-scar synchrony and annual area burned is equivocal because numerous small fires may result in scars at multiple sample locations in the same year.  They suggested that, in the Sierra San Pedro Martir in northern Mexico, “spot” fire (<5 ha) densities in mixed conifer forests may approach 1 per ha over a 52 year period, which might result in multiple fire scars from small fires in a given year.  Based on the NPS atlas, a conservative estimate of “spot” fire density on Mica Mountain is about 1 per 8 ha during a given 52-year period.  The actual value could be much higher due to unmapped monsoon ignitions.  Therefore,  Minnich et als’ interpretations were true, we would expect to see numerous small fires recorded in separate plots.  Instead, we found that synchronous scarring at more than two sites resulted exclusively from the occurrence of one or more widespread fires that burned between plots, as indicated in the NPS atlas.  Only in 1961 and 1964 did the detection of fires via fire scars in separate plots result exclusively from small NPS mapped burns (1 to 5 ha), and in both cases only two plots were scarred (during one year the plots were adjacent).  These results are consistent with Stephens et al. (2003) who found that widespread fire years scarred at the 25% filter level corresponded with the dates of large fires reconstructed from aerial photos during the same period in the Sierra San Pedro Martir.

In contrast to Minnich et al’s interpretation, and based upon the above observations and logic, we posit that there are at least five reasons why small fires occurring at multiple sample locations in the same years were highly unlikely to result in the overestimation of large fire frequency or extent [the logic of this argument applies to the general condition I think – not just to Mica Mountain].  First, small fires would have to occur and be detected at enough separate sample locations during a given year to result in a significant misclassification of relative size.  This would typically involve 10 to 25% or more of the sample locations recording separate small fires, or 6 to 15 plots in our study (the co-occurrence of small fires at just a few plots would not greatly influence interpretations of relative large fire frequency or annual area burned).  Second, such high rates of small-fire synchrony would have to occur repeatedly over many years to result in biased estimates of large fire frequency (i.e., one or two fire dates with such a pattern would not greatly affect the computations). Thirdly, widespread fires are typically recorded by adjacent fire-scar samples and are spatially clustered, making them easily distinguishable as widespread fires.  Fourth, both the frequency at which fires occur and the frequency at which they are detected becomes increasingly lower as scale decreases (Farris et al. in preparation, Falk and Swetnam 2003).   Finally, we observe that the same groups and combinations of plots tended to record synchronous fire-scar dates repeatedly over time (and often the same, multiple-scarred trees within those plots).  Thus, the probability that small fires would (a) repeatedly burn and (b) form scars on the same fire-scarred trees in the same plots over space and time are exceedingly low.  
Spatial Patterns of Fire Frequency

Relatively few studies have quantified spatially explicit patterns of historical surface fires (but see Niklasson and Granstom 2000, Heyerdahl et al. 2000, Taylor and Skinner 2003).  Unlike high severity fires in crown fire ecosystems that may create visually distinct evidence of fire perimeters in tree or shrub size/age structures due to mortality and post-fire regeneration patterns (Turner and Romme 1994a, Johnson and Gutsell 1994, Minnich…), discrete boundaries of historical surface fires are often not visible or easily discernable.  Our results demonstrate that coarse-scale interpolation of spatial burn patterns from point-based fire-scar data is feasible because spatial autocorrelation of fire perimeters result in spatial coherence of subsequent proxy fire-scar data.  Hence, a sufficiently dense and well? distributed spatial network of fire-scar samples (assuming they are present) can provide a reasonable and reliable basis for modeling and estimating spatial burn patterns. ***** Refute Morgan *** [I could not recall where that statement was located… was it in the IJWF paper I co-authored with her?  Maybe it is not necessary to be cited /refuted here…  need to see the offending quote again.]
The scale at which spatial patterning of past fires can be discerned depends on the density of fire-scar samples.  Several factors contributed to the high correspondence between mapped fires and interpolated fires in our study.  First, our sampling network was broadly distributed spatially across the study area with many sample points, assuring that widespread fires would be detected and allowing us to determine fire boundaries between burned and unburned plots.  Second, compositing fire-scar data at the individual plot level (1-2 ha) resulted in a complete inventory at each plot (i.e., interpolation point), thereby limiting error associated with missed fires (Table 3).   Compositing was also important for the detection of consecutive-year fire dates.  Third, the completeness and high quality of the NPS fire maps (and thus low incidence of mapping errors at scales important for this study) reduced potential mismatches between the datasets (Figs. 3 and 6).  Finally, we had a well-defined area of inference (study area boundary) which provided a clear interpolation edge and prevented large, unsampled gaps from affecting the results.   

Resolution is a key consideration when reconstructing and interpreting spatial patterns of past fires from point records.  One measure of resolution is the minimum mapping unit (MMU), defined as the smallest map element that can be detected (Quattrochi and Goodchild 1997).  The MMU of fire frequency maps can be no smaller than the spatial resolution (sample density) of the sample plots used to create the map.  The plot density in our study was 1 per 46 ha. Given that it takes at least two plots to confidently determine whether an unsampled area burned, a conservative estimate of the MMU for interpolated fire perimeters in this study would be approximately 92 ha. The spatial coherence and clustering of fires in the study area is clearly discernable at this resolution (Fig. 7), which is appropriate for most landscape-scale applications given that the study area is 2780 ha.  However, detailed interpretations and conclusions about spatial patterns of fire frequency and intensity at scales less than 92 ha would not be warranted in this study. 
Resolution limitations are inherent in all fire history data sets, including fire atlas maps.  For example, it is likely that the resolution of at least some of the NPS mapped fire polygons is comparable to the fire-scar data, and none of the mapped perimeters include internal polygons of unburned areas, which probably did occur.  Recent remote sensing approaches may eventually increase the spatial resolution of fire history data, but obviously only for future fire events (Key and Benson 2002).  
Quantifying Fire Frequency

Each fire history metric summarizes the frequency distribution of fires differently.  Therefore, the value of each metric can vary widely even when calculated from the same dataset of fires, possibly leading to misinterpretations of historical fire patterns (Stephens et al. 2003).  For example, the unfiltered composite MFI is purely a measure of central tendency of the frequency distribution of fire intervals between any fire within a given area and time period,  because all fire dates are weighted equally regardless of the area burned (Romme 1980).  Conversely, the NFR is primarily a measure of area burned regardless of the frequency of fires because large fires disproportionately influence the metric.  The MFI of filtered fire dates are intermediate between the two, reflecting both a measure of central tendency (mean interval) and a relativistic area-burned component (percentage of plots and/or study area).  Like all summary statistics used to characterize a continuous frequency distributions, each fire history metric has an inherent degree of ambiguity.  In the case of the NFR, several combinations of fire frequency and fire size can result in a similar value, and it is unknown whether some areas burned once or multiple times (or not at all).  In the case of the composite MFI, the mean interval is calculated for categorical fire dates of unknown size, or only relativistic fire size, that occurred somewhere in the study area. Each metric has advantages and disadvantages for different scales and research objectives.  

A comparison of fire history metrics calculated from mapped fires and fire-scar data reveals some of these relationships.  On one extreme, we know from the NPS fire atlas that the true composite unfiltered MFI is 1.0 years at the scale of the 2,780 ha study area (i.e., there was at least one fire recorded in the fire atlas every year 1937 to 2000). The unfiltered fire-scar composite MFI for this period was 2.2 years, indicating that the total number of fires that occurred in the study area was underestimated by the fire-scar data set.  Recall, however, that all of the undetected fire dates consisted of only small fires that burned a very small proportion of the study area (much less than 1%).  Because the NFR is influenced primarily by the largest fires in the landscape, and we have demonstrated that fire-scar data can obtain complete inventories of large fires, we would expect fire-scar data to be well suited for calculating this metric.  In fact, the fire-scar NFR only differed from the NPS fire atlas NFR of 26.8 years by less than three years, regardless of whether area burned was estimated from Thiessen polygons or the ratio method.   The MFI calculated for fire dates filtered at the 10% and 25% level were 9.2 years and 25.5 years respectively.  

Ultimately, the appropriateness of each fire history metric must depend on the specific research objectives and the characteristics of the study area (extent and data).  The unfiltered composite MFI was never intended to be used for areas as large as the entire study area (Dieterich 1980).  Rather, it was designed for relatively small, homogenous areas such as forest stands or plots, where combined records from multiple trees would result in the detection of the same fire event that might have been missed by some trees, and/or the detection of ecologically significant fires relative to the size of the area.  On the other hand, filtered MFI values are most appropriate for assessing widespread fires, and interpreting fire occurrence across broader landscape scales where fire-scar synchrony is most likely to reflect extensive burns.  The NFR is useful for determining relative rates of burning, but the interpretation of this metric is ambiguous because a variety of different fire sizes and frequencies can result in the same value.  For example, an NFR of 29.6 years could result if an individual fire burned the entire study area every 29.6? years, or if a 94 ha fire burned somewhere in the study area every single year (or anything in between).  Moreover, it cannot be determined whether some areas burned several times during a given rotation or not at all (Fig. 7).  [how does fig 7 show this?]
Finally, given the ambiguity inherent in each metric, it is important to understand how the value was derived.  In our study area the fire atlas NFR and the 25%-filtered MFI were nearly identical (25.5 and 26.8 years respectively) (Table 4), which might lead one to incorrectly conclude that (a) very extensive fires burn the entire study area every 25.5 to 26.8 years and/or (b) that smaller fires at more frequent intervals were insignificant.  In fact, looking at the entire dataset we can see that the NFR was influenced by fires smaller than the 25% threshold.  If all fires that did not meet the 25% filtering criteria were excluded, the value of the NFR would increase from 26.8 to 46.8 years.    

Rather than making a case that there is a best metric for all applications, we suggest that multiple metrics be reported together to provide the most comprehensive representation of how fires typically burn in a given landscape.  Using the statistics in Table 4, we know that the study area burned over approximately every 27 years.  Moreover, we would know fires which burned at least 10% (approximately) of the study area burned every 6.7 to 9.2 years on average, and fires that burned at least 25% of the study area burned every 25.5 years.  We also know that while fires burned somewhere in the study area every year, the number of fires that occurred within individual 1-ha sampling plots during the period from 1937 to 2000 ranged from 0 to 9.   An examination of spatial patterns of fire scar synchrony and adjacency, and/or interpolated maps fire perimeters provides further insight into the spatial variation of fires on the landscape.  Taken together, the different metrics provide a more complete and useful understanding of fire occurrence than single parameter. 
It is important to note, however, that the numbers listed above and our discussion derive from our analysis of the 20th century fire regime.  In the case of Mica Mountain, this was a relatively frequent fire regime compared with other similar forests in the Southwest.  In other analysis to be presented in a subsequent paper, we will [Farris et al. in preparation] that some of these fire frequency parameters were quite different on this mountain during the 19th and 18th centuries.
Fire Seasonality


Interest in fire seasonality from fire-scar data has increased in recent years, particularly as more research focuses on regional patterns of fire-climate variation and long-term influences of climate change on fire occurrence (Grissino-Mayer and Swetnam 2000, Grissino-Mayer et al. 2004).  Our results clearly validate the strong relationship between intra-annual ring position of fire scars and fire dates in the Southwest.  Fulé et al (2003) found similar strong agreement between reported fire dates in the documentary record and fire-scar ring position in northern Arizona.  These results provide strong support for the use of fire scar-data to reconstruct historical patterns of seasonality and demonstrate that long-term analyses of fire seasonality can have an accurate basis. 
The cambial phenology of ponderosa pine and a few other tree species has been relatively well studied in the Southwest (e.g. Fritts et al, 1976, Baisan and Swetnamunpublished), however, such detailed information may not be available for other regions and species. Given the increasing interest in broad-scale regional and cross-regional comparisons of historical fire seasonality, a better understanding of regional variation in tree growth and intra-annual scarring position is needed. 
General Limitations and Assumptions

This study provided a rare opportunity to compare fire histories reconstructed from fire-scar samples with independent, annually resolved fire maps. Although old fire atlases are extremely valuable for spatial fire regime analysis, they should not be unconditionally considered to be the “truth.”  All data types of significant temporal length and spatial coverage available to us contain varying levels of resolution and uncertainty.  Hence, in some ways, the comparison of fire-scar data with historical mapped fire perimeter data is also a test of the accuracy/precision of the fire atlas data.  The Saguaro National Park fire atlas is unique in many regards because it contains a particularly detailed and consistent record for a 65 year period.  The high degree of corroboration between the two datasets suggests that both are relatively “accurate” representations of the fire 20th century fire history.  The comparison of mapped fire perimeters (particular ground mapped) and reconstructed fires provides the best available form of validation at this time (Baker and Ehle 2003). Empirical fire-scar corroboration efforts may ultimately benefit from recent fire severity mapping technologies that quantify heterogeneity of fire severity within perimeters. Comprehensive corroboration efforts, however, using high-resolution fire severity and extent maps are still years away because landscapes with the necessary temporal and spatial variability of fire frequency (particularly with multiple-burn and consecutive-burn polygons) will take decades to develop and to be documented. 

Despite the relatively rich, well-documented contemporary fire history on Mica Mountain, this research represents a single case study in one forest type (a fact true of all site-specific fire history research, and a great other many ecological studies).  From a fire history perspective, however, we believe the 20th century fire regime on Mica Mountain provides a relatively challenging case study for fire-scar corroboration.  If we had documentary records of 19th century fires, for example, we think the corroboration of the fire scar record would be even more robust.  The reason is that fire-scar record shows a much higher degree of spatial synchrony across this landscape during the 19th century than the 20th century, indicating that extensive fire events were considerably more frequent and widespread across the study area prior to the 20th century (Farris et al. in prep).  The relatively greater extent of 19th century fires indicates that the spatial pattern of burning was relatively homogenous, and hence most or all large events were likely captured by the fire-scar samples.  In contrast, during the 20th century there were fewer widespread fires and more spatial clustering and variability, as evidenced by the fact that some areas burned nine times and others not at all.  For example, the largest fire during the 20th century occurred in 1943, but in the 19th century eight fires occurred that were [I think we know this] larger than the 1943 event (Farris et al. in prep).  
 From a topographic and vegetative standpoint, the Mica Mountain study area is typical of “sky island” pine forests found throughout the Southwest.  In addition to similar vegetation and topography, this is supported by the fact that pre-settlement fire history statistics (i.e., MFIs, filtered and unfliltered) on Mica Mountain (Baisan and Swetnam 1990) are quite similar to statistics reported for of other study sites throughout the Southwest (Swetnam and Baisan 1996).  

[I think most of the following is either redundant, or can be/should be saved for later papers.]   




Recent critiques of fire-scar methods using published summary statistics have speculated that fire-scar data may overestimate area burned and extent in ponderosa pine landscapes (Baker and Ehle 2001, 2003, Minnich et al. 2000).  These authors assert that fire-scar data and statistics are generally biased toward numerous small fires.   This should not be an issue, however, if fire history metrics are calculated and/or interpreted appropriately.  Baker and Ehle (2001) base most of their arguments on the fact that the composite MFI of all fire dates is generally much lower than the NFR.  
As previously noted,  the composite MFI was never intended to approximate the NFR for large areas (see “MFI” and “fire rotation” definitions in Romme 1980, and Dieterich 1980).  Nevertheless, Baker and Ehle recommend a series of correction factors to adjust the composite MFI to make it more reflective of the NFR.  However, these correction factors depend on several assumptions, and unmeasured and unknown interactions can influence the relationship between the two metrics.   These include scale of analysis, sample size, fire size, and spatial burning patterns (Falk and Swetnam 2003, Farris et al. in prep).  For example, the NFR is more than 11 times the composite MFI in the corroboration dataset but only 1.2 times the composite MFI during the 19th century (Farris et al in prep) when fires were more widespread. Third, even if or when a correction factor results in similar values between the composite MFI and NFR, it does not ensure a mechanistic understanding of the underlying frequency-size distribution of fires. This is due to the ambiguity and fundamentally different meaning of each metric.
[I think a different final paragraph is needed…  summarizing and concluding the main findings and implications.  The one below brings up a new topic, and one not a main focus of this paper.  Suggest you write the abstract…  then a short paragraph for here that is sort of an abstract of the abstract...  but looking foreard to what is neded next, maybe]
Finally, our results provide perspective on challenges associated with process-based fire restoration in wilderness and natural areas.  Despite the fact that Mica Mountain represents one of the most frequently burned contemporary ponderosa pine landscapes in the United States, it is clear that current levels of burning are far lower than historical levels.  The fire frequency in some areas appears to have been relatively unchanged from presettlement levels, whereas other areas have had all or most fires excluded.   Thus, this landscape provides an excellent case study not only fore fire-scar validation but for understanding recent and past fire regime patterns.
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Figure Captions

Figure 1.  Location of the Mica Mountain study area and fire-scar plots in Saguaro National Park, southern Arizona. 

Figure 2.  The percentage of fire scar-plots that recorded a fire (black bars), and the total number of recording plots (black line) between 1937 and 2000. The dotted horizontal lines represent the 10% and 25% scarring levels.

Figure 3.  Contingency matrix showing the number of fire-scar plots within mapped fire perimeters that recorded a fire scar. The conceptual diagrams depict the four possible outcomes. Enclosed polygons represent a mapped fire perimeter, white circles represent a fire history plot that did not record a fire, and black circles represent fire history plots that recorded a fire.  

Figure 4.  Relationship between (a) annual area (ha) burned and the percentage of plots scarred (y = 0.0003x + 0.0087, r2 = 0.95), and (b) mean annual area burned for three categorical levels of fire scar filtering.  Annual area burned data are from the NPS fire atlas records..

Figure 5.  Relationship between annual area burned (hectares) calculated from NPS fire maps and reconstructed from fire-scar data.  Fire-scar data were converted to hectares burned using are burned from fire-scar data: Thiessen Polygons (y = 0.819x + 35.5, r2 = 0.97) and the ratio method (y = 0.898x + 24.1, r2 = 0.96). The diagonal grey line represents an ideal 1:1 relationship. Regression equations for the 
Figure 6.  Partial cross-section from Mica Mountain showing corresponding fire maps for each fire-scar date. Fire dates shown in yellow indicate extensive fires that burned multiple adjacent plots. Fire dates shown in white indicate small fires that did not scar adjacent plots and have no corresponding perimeter map (small fires were mapped as point locations).
Figure 7. Spatial patterns of fire frequency from 1937 and 2000 calculated from (a) NPS Atlas maps and (b) fire-scar data interpolated with Thiessen Polygons.  Figure 6(c) shows the proportion of the study area occupied by each fire frequency class in the two maps.

Figure 8.  Percent frequency distribution of intra-annual fire-scar positions for the six fire dates with the largest sample size.  The black bars indicate the expected scar position based on the reported date in the NPS fire atlas.
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Figure 2.  
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Figure 8. 

Table 1.  Summary of documentary fire occurrence records for the 2780 ha Mica Mountain study area from 1937 to 2000 (based on the National Park Service Fire Atlas).

	Total Number of Fire Dates
	64

	
	

	Total Number of Individual Fires
	414

	Lightning 
	383

	Human 
	25

	Prescribed Burns
	6

	
	

	Total Area Burned (ha)
	6,636 

	Lightning 
	5,697

	Human 
	10

	Prescribed Burns
	929

	
	

	Mapped Fire Perimeters >100 ha
	21

	Lightning Ignited Wildfires
	16

	Prescribed Burns
	5


Table 2.  Number of fire dates documented in the National Park Service (NPS) Fire Atlas that were detected by fire-scar data.

	
	
	Detected by Fire Scars

	Annual Area Burned Filter a
	Known Fire Dates b 
	At Least One Plot
	At Least Two Plots

	All fire years
	64
	27 (42%)
	14 (22%)

	Fires Years With >40 ha Burned 
	16
	13 (81%)
	12 (75%)

	Fires Years With >100 ha Burned
	12
	12 (100%)
	12 (100%)


a Total amount of area burned by all fires in a given year

b Documented fires by the NPS 

Table 3.  Number of times the sample with the most fire scars recorded all extensive fires documented to have spread through a plot. Only plots with at least two extensive fires are considered.  

	Extensive Fire-Scar Dates1 
	Plots
	Single Sample Contained All Fires

	
	
	

	2-3 
	31
	26 (84%)

	>4
	11
	5 (45%)


1 Fires documented by NPS fire maps to have spread across multiple plots 
Table 4.  Comparison of the composite scar-to-scar Mean Fire Return Interval (MFI) and Natural Fire Rotation for the Mica Mountain study area estimated from the NPS Fire Atlas and fire-scar data.

	
	
	Area-Based Calculationb
	Point-Based Calculation

	Fire Frequency Metric
	Time Period a
	NPS Atlas
	Fire Scars
	Fire Scars

	
	
	
	
	

	Composite MFI (s.e.)
	
	
	
	

	All Fire Dates
	1943-1998
	1.0 (0.0)
	2.2 (0.4)
	2.2 (0.4)

	10% Filter
	1943-1998
	11.0 (4.0)
	9.2 (3.6)
	6.9 (3.2)

	25% Filter
	1943-1994
	25.5 (15)
	25.5 (15)
	25.5 (15)

	
	
	
	
	

	Natural Fire Rotation
	1937-2000
	26.8
	29.6 c
	23.9 c

	
	
	
	
	


a Time period between the first and last fire scar for MFI calculations.
b Filtered MFIs for fire atlas data are calculated based on the percentage of area burned . Fire-scar data were converted to area-based maps using Thiessen Polygon interpolation for a standardized comparison
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�Should cite one or 2 original papers, rather than just Fritts 1976… e,g.  Mesa Verde paper
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