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Abstract

:

Many fire-adapted ecosystems in the northeastern U.S. are converting to fire-intolerant vegetation communities due to fire suppression in the 20th century. Prescribed fire and other vegetation management activities that increase resilience and resistance to global changes are increasingly being implemented, particularly on public lands. For many fire-dependent communities, there is little quantitative data describing historical fire regime attributes such as frequency, severity, and seasonality, or how these varied through time. Where available, fire-scarred live and remnant trees, including stumps and snags, offer valuable insights into historical fire regimes through tree-ring and fire-scar analyses. In this study, we dated fire scars from 66 trees at two sites in the Ridge and Valley Province of the Appalachian Mountains in central Pennsylvania, and described fire frequency, severity, and seasonality from the mid-17th century to 2013. Fires were historically frequent, of low to moderate severity, occurred mostly during the dormant season, and were influenced by aspect and topography. The current extended fire-free interval is unprecedented in the previous 250–300 years at both sites.
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1. Introduction


Natural community restoration is of increasing interest to land managers and scientists throughout the U.S. [1]. Many of these communities are fire dependent and have greatly declined in area due to decades of fire suppression. Prescribed fire and other vegetation management activities (e.g., commercial and non-commercial forest cuttings, mowing/mulching, chemical treatments) are increasingly being applied to increase resilience and resistance to global changes, particularly on public lands [2]. In forests, these activities influence succession and are often applied with the goal of reducing tree density and promoting early successional species and native seedbanks [3]. An understanding of historical ecology, past environmental changes, and long-term ecosystem dynamics is fundamental to such management, and thus provides a reasoned scientific foundation for developing a restoration context [4,5,6].



Fire disturbances are integral to creating and sustaining diverse ecosystems throughout the eastern U.S. [7,8,9,10]. Many fire-dependent ecosystems in the eastern U.S. have remained unburned for nearly a century due to fire-suppression policies initiated in the early 20th century [11,12,13,14]. As a result of this current era of fire suppression, fire-dependent plant species and communities are declining in abundance and failing to regenerate throughout the eastern U.S. [15,16,17,18,19], leading to regional losses in biodiversity and habitat quality [10,20,21,22,23,24].



Restoring fire regimes can create unique communities and species assemblages across taxonomic levels of plants and animals in eastern U.S. ecosystems [3,7,10,25,26]. Restoration of historically fire-dependent ecosystems is essential for creating or improving wildlife habitats [27,28,29]. There is little quantitative data describing historic fire regime attributes such as frequency, severity, and seasonality, or how these varied through time and across regions and habitats in these ecosystems [30]. Defining such fire regime characteristics necessitates regionally-based information because fire regimes vary due to factors such as topography, climate, vegetation, and ignition sources [31,32].



Recurring fires were historically important for maintaining fire-dependent communities in the eastern U.S., particularly pine and/or oak forests, woodlands, and scrublands [33,34,35,36]. For the region of interest in this study, the Ridge and Valley Province of central Pennsylvania, the widespread exclusion of fire is deemed as a “major threat” to key habitats for species of greatest conservation need in Pennsylvania’s State Wildlife Action Plan [28]. Under its mandate to provide hunting opportunity and conserve wildlife habitat, the Pennsylvania Game Commission (PGC) is embarking on landscape-scale habitat restoration using prescribed fire as a primary tool [37]. Success of these ecological restoration efforts will be enhanced by a greater understanding of the fire regime conditions that maintained functionality of these ecosystems [38].



In this study, we used dated fire scars on cross-sections of dead and live pitch pine (Pinus rigida) trees to describe the historical and current fire regimes of two sites in the Ridge and Valley Province of central Pennsylvania. Dating fire scars on old or preserved trees is recognized as one of the best methods to reconstruct fire regimes. Despite little use in previous studies, pitch pine is ideal for reconstructing historical fire events because of its longevity, ability to survive and record multiple fires, and potential for preservation after death due to high resin content. Multiple characteristics of pitch pine indicate that it is a fire-adapted tree species, including basal and epicormic sprouting ability, thick bark, and cone serotiny [39,40,41,42].



The objectives of this research were to: (1) quantify historical fire regime characteristics; (2) identify associations among fire frequency/occurrences and major fire environment factors (human populations, climate conditions, drought, topography); and (3) discuss the implications of these findings to restoration efforts and fire and vegetation management.




2. Materials and Methods


2.1. Study Site Descriptions


From field reconnaissance conducted during 2010 and 2011, two study sites were identified based on the presence of fire-scarred pitch pine remnants (stumps and dead trees). These sites are located in the Appalachian Mountain Section of the Ridge and Valley Province [43] of Juniata and Perry Counties, Pennsylvania, USA (Figure 1). In this region, annual mean precipitation is between 107 and 112 cm, and mean annual temperature is 12 °C (source: NOAA). Mean annual snowfall ranges from 79 to 102 cm and occurs from mid-October to late April (source: NOAA). This region is characterized by long paralleling ridges and adjacent valleys (trending west-southwest, approximately 250°) and is currently comprised of a mixture of agricultural lands, forested ridges, and rural communities.



Study sites are separated 25 km north to south by the Juniata River valley on lands owned and managed by PGC (State Game Lands 088 and 107, hereafter SGL 088 and SGL 107). The SGL 088 study site (40°27′17.8″ N, 77°25′26.4″ W) is located on the south side of the Juniata River on ridgetop, opposing shoulder, and mid-slope positions of Tuscarora Mountain, straddling the boundary of Perry and Juniata Counties (Figure 1). The topography is characterized as a relatively flat ridgetop, approximately 320 m wide, running SW/NE and providing slopes with NW and SE aspects. The SGL 107 study site (40°40′21.8″ N, 77°19′52.0″ W) is located on the opposite (northern) side of the Juniata River in Juniata County. The site is positioned on a sub-apex bench on the south-facing slope of Shade Mountain, at the top of a minor drainage (Laurel Run). According to PGC records, the lands on which the study sites occur were acquired by PGC in the early 1930s, and both sites are comprised of closed-canopy forests that initiated circa 1900.



Both mountains are capped by resistant Tuscarora Formation quartzite and rise approximately 500 m above the Juniata River valley [44]. Both sites were classified by PGC’s ecological classification system as Dry Oak—Heath Forests, noted to occur on xeric, acidic soils with the forest overstories typically dominated by chestnut (Quercus montana), black (Q. velutina), scarlet (Q. coccinea), and white (Q. alba) oak, along with other species, including black gum (Nyssa sylvatica) and sweet birch (Betula lenta) [45]. Based on site inventory data, the forest overstories of both sites are currently fully stocked and dominated by chestnut oak and black gum; 67% and 68% combined for SGL 088 and SGL 107, respectively. At SGL 088, the remaining composition is sweet birch (12%), red maple (Acer rubrum, 10%), black oak (7%), and 2% or less of eastern hemlock (Tsuga canadensis), serviceberry (Amelanchier arborea), and sassafras (Sassafras albidum). The remaining composition at SGL 107 is occupied by northern red oak (Quercus rubra, 11%), red maple (10%), white oak (10%), and eastern hemlock (2%). Very minor components of pitch and white pine (Pinus strobus), and American chestnut (Castanea dentata) were observed at both sites. In PGC’s classified Dry Oak—Heath Forests, shrub layers are commonly dominated by ericaceous species, including mountain laurel (Kalmia latifolia) and other genera (e.g., Gaylussacia, Vaccinium) at such densities that the resulting herbaceous layer is sparse and the primary ground cover is leaf litter [45].



The paucity of living pitch pine, and abundance of pitch pine remnants and fire-intolerant tree species (i.e., red maple, birch) at these sites are indicative of recent prolonged fire intervals [16,46]. The apparent ‘mesophication’, sensu Nowacki and Abrams (2008) [10], of these ecosystems is of concern to PGC habitat managers because wildlife habitat quality, hunting opportunity, and ecosystem resiliency are decreased. This concern applies to management areas across the Ridge and Valley Province, not just the two sites studied here.




2.2. Data Collection


Fire-Scar Data


Study sites were surveyed for living and dead (stumps and snags) fire-scarred pitch pine trees in May 2014. Full and partial basal cross-sections (~20 cm thick) were removed from trees using a chainsaw (Figure 2). Cross-sections were collected from 39 trees at SGL 088; seven of which were excluded from the study due to rot and/or too few annual growth rings for dendrochronological dating. Cross-sections were collected from 40 trees at SGL 107, six were excluded due to rot and/or too few annual growth rings. The sampling area encompassed approximately 0.70 km2 for SGL 088, and 0.61 km2 for SGL 107, measured using the Minimum Bounding Geometry Tool (Convex Hull type) in ArcGIS (v. 10.3). On some trees, multiple cross-sections were collected at different heights above ground to capture the most complete fire record possible. Cross-sections were assigned a sample number, aspect, orientation, and geographic location. Cross-sections were transported to the Missouri Tree-Ring Laboratory at the University of Missouri (Columbia, MO, USA) for surface preparation and analysis.





2.3. Fire-Scar Data Analysis


Top and bottom surfaces of cross-sections were prepared using an electric orbital sander with progressively finer sandpaper (80 to 1200 grit) to reveal cellular detail of annual rings and fire scars. A radius (pith-to-bark) of each cross-section with the least amount of ring-width variability due to callus was chosen for tree-ring width measurement. All rings were measured to 0.01 mm precision using a binocular microscope and a Velmex measuring stage (Velmex, Bloomfield, New York, NY, USA). Tree ring-width series from each sample were visually cross-dated using ring-width plots [47]. Cross-dating was statistically verified with the COFECHA computer program [48,49]. Fire scars were dated to the year of cambial response to injury and, if possible, to a within-ring location following Kaye and Swetnam (1999) [50]. The number of years with a growing-season fire scar were tallied. Fire scars were identified by the presence of callus tissue, traumatic resin canals, liquefaction of resin, and cambial injury [51].



We used FHX2 software [52] to construct the fire event chronology, analyze fire-scar years, and graph individual tree and composite fire intervals (years between fire events). Fire-scar statistical analysis was restricted to only include time periods which included at least 3 trees in the tree-ring record, resulting in a 349-year record (1663–2013) for SGL 088, and 369-year record (1644–2013) for SGL 107. Mean fire intervals (MFIs), standard deviations, and lower/upper exceedance intervals were computed. The exceedance intervals indicate if a fire interval is significantly longer or shorter than the mean (per time period). Kolmogorov-Smirnov (K-S) Goodness-of-fit tests conducted on the frequency distribution of fire intervals were used to determine whether a Weibull distribution modeled the interval data better than a normal distribution [53]. Weibull median fire intervals were recorded when appropriate. The percentage of trees scarred in fire years and the average per time period (mean percentage of trees scarred) were calculated. K-S tests were conducted using SAS statistical software version 9.4 [54] to determine if MFIs or mean percentage of trees scarred were statistically different (α < 0.05) between sites and time periods (intra-site).



The locations of fire-scarred remnant pitch pine wood at SGL 088 on Tuscarora Mountain were well-suited to be divided to test for fire regime differences by aspect. The center of the broad plateau top of Tuscarora Mountain (~320 m wide) marks the boundary between Juniata (to the north) and Perry Counties, and served as the line to divide the fire-scar data for comparison, resulting in 12 samples from the north-facing slope and 20 from the south-facing slope. There is interest among research and land management communities regarding how fire regimes differed by aspect and landscape position [55].



The time period recorded by samples was divided into three sub-periods based on cultural and land-use changes: pre-1754 (pre-European settlement), 1755–1914 (European settlement), and 1915–2013 (fire suppression). We identified 1754 as a division year for the pre-European settlement time period based on the Albany Purchase whereby the region was sold to the United States by the Iroquois [56]. The Albany Purchase led to increased colonial settlement and conflict with Native Americans in the study region [56,57]. The pre-European settlement period included in fire interval analyses (SGL088: 1663–1754; SGL107: 1644–1754) does not reflect a Native American fire regime entirely free of European influence. Colonial settlement along the eastern seaboard of the United States and contact through fur trade activities had already led to displaced Native American populations and increased intra-native conflicts [58,59]. In addition, Native American populations were already significantly reduced across the eastern U.S. due to European diseases [59,60,61,62]. We determined 1915 to be the first year of the fire suppression era based on the associated establishment of the Bureau of Forest Protection under the Pennsylvania Department of Forestry [12] which instigated a new period of forest protection policies that included fire suppression [11].




2.4. Fire and Climate Analysis


Associations between historical fire events and drought conditions were tested using superposed epoch and correlation analysis. Superposed epoch analysis (SEA) was conducted separately for fire events at each study site then again for shared fire event years between the sites and between aspects at SGL 088. SEA was conducted for the full period of record and 50-year sub-periods from 1650 to present (e.g., 1650 to 1700, 1700 to 1750). SEA was performed within the Fire History Analysis and Exploration System (FHAES v. 2.0.1) [63]. Drought data consisted of reconstructed summer season Palmer Drought Severity Indices (PDSI) [64]. PDSI data were bootstrapped for 1,000 simulated events to derive confidence limits. Fire event years were paired with PDSI to determine if conditions were significantly wet or dry from six years preceding to four years succeeding fire events. Conditions prior to, during, and following fire events were considered significantly wet or dry when average PDSI values exceeded confidence limits. Separately, Pearson correlations were used to test for relationships between PDSI and the percentages of trees scarred during fire years. Reconstructed PDSI data were obtained for the two nearest gridpoints to the study sites (gridpoints 254, 255) and SEA analyses were conducted separately for each gridpoint.





3. Results


3.1. Tree-Ring and Fire-Scar Data


3.1.1. All-Time Period


The time periods spanned by tree-rings were 1548 to 2013 CE for SGL 088, and 1620 to 2013 CE for SGL 107 (Table 1, Figure 3). Fire-scar statistical analyses were only conducted for the time periods during which at least 3 trees were present in the tree-ring record, 1663–2013 at SGL 088 and 1644–2013 at SGL 107. During this period (all-time period), samples from SGL 088 (n = 32) revealed 201 fire scars from 56 different fire years. In comparison, samples from SGL 107 (n = 33) recorded more fire scars (n = 387) from fewer fire years (n = 44). Considering the two sites together, 87 unique fire years were identified; 13 (15%) of which were common to both sites. At SGL 088, composite fire intervals ranged from 1 to 21 years, with an MFI of 5.1 years. At SGL 107, composite fire intervals had a wider range (1–37 years), with a similar MFI of 5.7 years. MFIs did not differ significantly between sites, though the mean percentage of trees scarred did (p < 0.0001). At SGL 088, the mean percentage of trees scarred was less than half that of SGL 107 (18.7% vs. 46.4%, respectively; Table 1, Figure 4).



Season of injury was identifiable on over half of the fire scars at both sites (Table 2). Approximately 40% of the fire scars at both sites were not identified to season of injury due to missing wood (caused by rot) or obscured wood anatomy at the union of injured and uninjured cells. At both sites, a large proportion of fire scars (98.3% and 95.1% for SGL 088 and SGL 107, respectively) with season of injury identified were in the dormant season tree-ring position (Table 2).




3.1.2. Pre-European Settlement Period (Pre-1755)


During the pre-European settlement era, samples from SGL 088 recorded 40 fire scars from 15 different fire years, while SGL 107 had a similar number of fire scars (n = 39), but from fewer (n = 10) fire years. For SGL 088, composite fire intervals ranged from 1 to 21 years, with an MFI of 5.6 years. Composite fire intervals at SGL 107 ranged from 2 to 37 years, with an MFI of 12.0 years. Fire intervals were not significantly different between the sites. The mean percentage of trees scarred at SGL 088 was significantly less than that at SGL 107 (p = 0.006, Table 1). During this time period, the majority (61.5%) of fire scars at SGL 107 had unidentified seasonality, more than any other time period record at either site. Most fire scars with identifiable seasonality were in the dormant tree-ring position, though slightly more scars occurred in the growing season relative to the other periods considered (Table 2).




3.1.3. European Settlement Period (1755 to 1914)


During this period, fire occurrence was higher and more similar between sites than during any other time period (Table 1). MFIs were statistically similar at both sites (4.2 and 4.0 years at SGL 088 and SGL 107, respectively), though SGL 107 continued to have a significantly higher mean percentage of trees scarred (p < 0.0001). At both sites, most of the fire scars and years assigned seasonality were in the dormant season (Table 2).




3.1.4. Fire-Suppression Period (1915 to 2013)


There were 3 fire years at SGL 088 during this time period, and none at SGL 107. MFIs were not calculated due to an insufficient number of observations; however, if the open interval at the end of each fire chronology is accounted for by considering the bark year to be a fire year, MFIs are greater than 30 and 90 years for SGL 088 and SGL 107, respectively. At SGL 088, 3 of the 5 fire scars were in the dormant position and two were not able to be assigned season of injury.




3.1.5. Intra-Site Fire Regime Characteristics across Time Periods


At SGL 088, no significant differences in mean percentage of trees scarred or MFI were detected between the pre-European and European settlement time periods (Table 1). At SGL 107, no significant difference in the mean percentage of trees scarred between time periods was detected; however, MFI was significantly longer (p = 0.02) during the pre-European period than the European settlement period.




3.1.6. Aspect Influence at SGL 088


Twenty trees were sampled on the south-facing slope compared to 12 on the north-facing slope at SGL 088. Years with fire were nearly twice as frequent on south-facing versus north-facing slopes (Table 3, Figure 5), though MFIs were not statistically different. Between aspects, the mean percentage of trees scarred was similar during the all-time and pre-European settlement periods, though more trees on the south-facing slope were scarred on average (p = 0.039) during the European settlement period (Table 3). North-facing and south-facing slopes shared 44.6% (n = 25 years) of all fire years.





3.2. Fire and Drought


From 1550 to 2003, PDSI values ranged from −5.0 (extreme drought) to 3.8 (very wet) with a mean of −0.28 (near normal). Over the fire-scar record, the climatic conditions before, during, and following fire years were not significantly wet or dry at either study site. When considered in 50-year sub-periods, SGL 088 site showed drought conditions were significantly dry one year prior and in the year of fire for the 1850 to 1900 and 1900 to 1950 sub-periods, respectively. This result was consistent regardless of considering drought data from either drought data gridpoint. For SGL 107, drought-fire associations through SEA were inconsistent when considering sub-periods and drought data gridpoint. Fire years shared between SGL 088 and SGL 107 showed significantly drier conditions 5 years prior and 2 years following fires, whereas 2 years prior to fire had significantly wetter conditions. No significant drought-fire associations were detected for shared fire years between aspects at SGL 088. PDSI was weakly related to percentages of trees scarred at SGL088 (r = 0.28, p = 0.04). No other correlations between drought and percentages of trees scarred were found.





4. Discussion


4.1. Characterizing Historical Fire Regimes


4.1.1. Fire Frequency


Over the last four centuries, fire regimes of the sites studied here can be characterized as frequent, yet variable through time. In general, MFIs were short (5.1 and 5.7 years; Table 1), despite fire-suppression effects during the 20th century. Fire intervals were positively skewed prior to the fire-suppression era with the majority of intervals being 1 to 5 years in length (Figure 6). At both sites, multiple incidences of annual burning were documented. Similarly, at both sites, long fire-free intervals were documented (Table 1) that likely had important effects on vegetation communities and successional pathways [6].



The fire frequencies reported here are comparable to those of two previous studies conducted in yellow pine forests of the Ridge and Valley Province [65,66], located approximately 750 and 420 km to the south, respectively. Another study, also to the south, but closer (approximately 180 km) on the Appalachian Plateau, also reported similar fire frequencies from white oaks [67]. Conversely, the MFIs reported here are over 3 times shorter than those reported for red pine (Pinus resinosa) stands [35,68] approximately 100 km to the north in the highly dissected Deep Valleys physiographic region of the Appalachian Plateau. We expect that differences in regional topography, climate, and human influences were major contributing factors for these regional fire frequency differences. In Missouri, USA, historical fire frequency was found to be driven by humans, yet mitigated by topographic roughness [31]. At broader regional extents, historical fire frequency is strongly correlated with regional climate variability, particularly across Pennsylvania [32].



MFIs did not differ statistically between sites or time periods, except for the pre-European and European settlement time periods at SGL 107 (Table 1). During the pre-European time period, SGL 107 had two significantly long fire intervals (1664–1701, 1701–1729; Figure 3); interestingly, both were preceded by a brief episode of frequent fires (1646–1664; Figure 3). Though there are relatively few trees recording during this time of infrequent fires (1664–1729), the 4 trees recording were relatively small and likely sufficiently describe fire activity at the site. This change from high to low fire frequency does not appear to be associated with exceptionally wet or dry conditions and may indicate influence by humans. During the early and mid-17th century, large-scale depopulation and emigration events of Native Americans occurred across the eastern seaboard of northeastern North America [59,62,69,70]. If humans were a primary ignition source, then decreased populations would be expected to result in decreased fire frequency—a relationship observed in other locations [68,71,72,73]. Effects of decreased populations may also account for the conspicuous fire-free period at SGL 107 from 1848 to 1869. During this time, Brose et al. [68] also identified a longer than expected fire interval and suggested that it related to the American Civil War (1861–1865), specifically a decrease in human ignitions caused by men leaving the region to enlist in the Union Army.



Many fire history studies in the eastern U.S. have identified human population, settlement patterns, and commerce activities to be closely associated with changes in fire frequency [16,35,71,72,73,74,75,76]. Compared to human ignitions, lightning ignitions are rare in the northeastern U.S. Most lightning events are accompanied by rain and high levels of humidity, further implicating humans as an important fire ignition source for maintaining frequent fire regimes [77]. Fire records from 1979 to 2013 show 1.3% of fires reported in Pennsylvania were ignited by lightning, and resulted in 1.5% of the total area burned [78]. Based on the lack of association between drought and fire occurrence, as well as the paucity of lightning-caused ignitions, we suggest that the fire frequency findings in this study are attributable to human factors such as population, occupancy, and migration patterns.




4.1.2. Fire Severity and Extent


Historical fire severity is difficult to document using dendrochronological methods. In non-stand replacement fire regimes, fire severity may be approximated by the percentages of trees scarred [79]. Based on the long-term presence of trees (Figure 3), evidence for stand-replacing fires did not exist; therefore, we expect that historical fires were primarily low- to moderate-severity surface events. A fire scar only indicates that a tree was injured and survived; other metrics of past fire severity (e.g., substrate changes, vegetation mortality, scorch height) are less easily measured, especially over long time periods and following multiple fires. In this study, SGL 107 exhibited significantly higher levels of percentages of trees scarred than SGL 088 (Table 1, Figure 4). Causes for this difference are unknown, but we expect it is due to topographic and landscape position differences as opposed to differences in ignitions (e.g., timing, locations). SGL 088 spans a convex ridge top while SGL 107 is contained within a concave slope at the upper-most section of a single minor drainage (Figure 1). Fires burning upslope at SGL 088 would have to cross north-south aspects, while at SGL 107, a fire burning upslope would have a high probability of burning the entire extent of the study area due to continuous slopes, pre-heating effects, and no aspect changes or other major fire barriers or fire intensity moderating landscape features.




4.1.3. Fire Seasonality


As indicated by the fire scars for which season of injury could be determined, the majority of historical fires occurred in the dormant season. It is important to note that historical fire seasonality is determined by the growth period of the recorder trees and that fires occurring during this dormancy period cannot be further separated into fall or spring occurrences. Tree (i.e., cambial growth) dormancy occurs from approximately September to May in central Pennsylvania, although timing varies from year to year due to climate conditions. More precise determination of historical fire timing within the dormant season could be extrapolated based on Ryan et al. (2013) [3], who speculated that historical, like modern era fire regimes, were separated into spring and fall seasons. Modern era (1940–2015) monthly wildfire records indicate most wildfires occur during March, April, and May, with a much smaller portion of occurrences in October and November [78]. In recent decades, prescribed fire activity has been greatest in the late winter/early spring months. Taken together, these sources suggest that dormant season fires may have predominantly occurred in the late winter/early spring time periods, but may also have included late fall or early winter.



Growing season fires historically had a minor presence at our study sites, and the majority of these events occurred during the pre-European settlement period (Table 2). That fires occurred overwhelmingly during the dormant season is consistent with previous fire history studies in the eastern U.S. [35,65,66,67,68]. Distinction of historical fire seasonality has important implications for both fire and vegetation interpretations. For example, Sparks et al. [80] found growing and dormant season fires had differing effects on herbaceous community composition and structure in the shortleaf pine (P. echinata) woodlands in the Ouachita Mountains, Arkansas. Albeit infrequent, our findings indicate that growing season fire did occur historically in these pitch pine communities, and may be required to achieve certain desired fire effects.





4.2. Management Implications


The historically high frequency of fire reported at both sites, along with the high density of remnant pitch pine trees (stumps and snags) relative to the very few living pitch pine present, is evidence that these sites have undergone significant ecological changes (e.g., vegetation type conversion, open to closed canopy structure, herbaceous/grass to tree leaf litter fuel type transition, altered carbon and nutrient cycles) coincident with the onset of the fire-suppression era. The resulting extended fire-free period is outside of the historic range of variability reported in this study, and is reflected by the minor presence of pitch pine in the current vegetation community. Overall, the findings of this study support the current understanding of pitch pine ecology, specifically its association with frequent fire occurrence. Based on this history, fire is ecologically appropriate to restore, manage, and perpetuate pitch pine communities into the future.



The differences in historical fire severity between SGL 088 and SGL 107 suggest that aspect and landscape position should be considered when planning management activities. For some historical fires, contrasting fire effects due to aspect existed, and therefore can be expected within a single prescribed fire compartment. Exceptions likely exist in very dry conditions when fuel moisture is not differentiated by aspect. At SGL 088 there were nearly double the number of fire years for all time periods on south- versus north-slopes, likely indicating a different historical vegetation and fuels matrix and/or fuel moisture, i.e., oak and other hardwoods refugia on north-facing slopes, pine and grasses dominating on those facing south [81,82,83]. These findings, as well as the fact that pine remnants were found in landscape positions below the ridgetop (Figure 2, both sites), demonstrate that fires and fire-adapted species were not relegated only to supposed pyrogenic microsites (e.g., ridgetops), as suggested by Matlack (2013) [55]. Additional studies describing variability in fire regimes across a range of spatial extents would further inform management of larger landscapes.





5. Conclusions


This paper presents evidence that fire regimes of pitch pine communities in the Ridge and Valley Province of central Pennsylvania were historically frequent, of low to moderate severity, and dominated by dormant season fire events. This fire regime information can be used to guide modern fire management and restoration of fire-dependent ecosystems. Additional studies characterizing fire regimes in Pennsylvania would help to refine description of fire regimes and aid in understanding their variability and driving influences.
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Figure 1. Top panel: Maps showing the two fire history study sites (black triangles) in relation to Pennsylvania (top inset map showing counties), the contiguous United States (bottom inset showing states, Pennsylvania in red), and the regional/local topography. Bottom panels: Topographic maps (25 m contour interval) of the two fire history sites; red dots indicate the locations of fire-scarred pitch pine remnants included in the fire-scar analysis. For SGL 088 topographic map, the blue line marks the Juniata/Perry County boundary, separating samples for analysis by aspect. 
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Figure 2. (A) Fire-scarred pitch pine (Pinus rigida) stump (sample no. 107032) with charcoal, inset shows side view. (B,C) Cross-sectional views of rings and fire scars from this sample, arrows denote fire-scar years. This tree had 27 fire scars during the time period of 1734–1898, with most scars occurring in the dormant season tree-ring position. 
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Figure 3. Fire-scar diagrams for SGL 107 and SGL 088. Each horizontal line represents the lifespan of an individual tree (sample number on right). Bold vertical lines are fire-scar years. Slanted or vertical lines at the earliest year shown for each sample indicate either the inner-most ring or pith date, respectively. Similarly, for the last year recorded, a slanted line indicates the outer-most ring present, a vertical line indicates bark year. For the SGL 088 diagram, red and blue asterisks denote trees from the south- and north-slopes, respectively. 
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Figure 4. Percentage of trees scarred during fire years with at least 3 trees present in the tree-ring record at the two fire history study sites. Time periods separated by vertical dotted lines. 
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Figure 5. Composite fire-scar history at SGL 088 separated by north and south aspects. For time periods with at least 3 trees present in the tree-ring record, there were 28 fire years recorded by 12 trees on the north-facing slope at SGL 088, compared to 53 fire years recorded by 20 trees on the south-facing slope. 
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Figure 6. Frequency distributions of fire intervals at SGL 088 and SGL 107 color coded by time period. 
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Table 1. Fire-scar history data for SGL 088 and SGL 107 (Ridge and Valley Province, central Pennsylvania, USA).
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All Time

	
Pre-European Settlement

	
European Settlement

	
Fire Suppression




	

	
1663–2013

	
1644–2013

	
≤1754

	
1755–1914

	
1915–2013






	
Site

	
SGL088

	
SGL107

	
SGL088

	
SGL107

	
SGL088

	
SGL107

	
SGL088

	
SGL107




	
No. scars

	
201

	
387

	
40

	
39

	
156

	
348

	
5

	
0




	
No. fire years

	
56

	
44

	
15

	
10

	
38

	
34

	
3

	
0




	
MFI (years)

	
5.1

	
5.7

	
5.6

	
12.0 a

	
4.2

	
4.0 a

	
na

	
na




	
Standard deviation

	
4.2

	
7.0

	
4.9

	
12.1

	
2.9

	
3.5

	
na

	
na




	
Range (years)

	
1–21

	
1–37

	
1–21

	
2–37

	
1–15

	
1–21

	
na

	
na




	
WMI (years)

	
4.3

	
4.3

	
4.8

	
9.2

	
3.8

	
3.4

	
na

	
na




	
LEI (no. exceedence)

	
1.3 (5)

	
1.0 (0)

	
1.5 (1)

	
2.2 (1)

	
1.3 (4)

	
1.1 (3)

	
na

	
na




	
UEI (no. exceedence)

	
9.5 (5)

	
11.6 (3)

	
10.6 (1)

	
24.0 (2)

	
7.5 (7)

	
7.4 (2)

	
na

	
na




	
Mean percentage scarred

	
18.7 a

	
46.4 a

	
14.6 b

	
51.2 b

	
19.7 c

	
44.9 c

	
26.2

	
na








MFI = mean fire interval, WMI = Weibull median interval, LEI/UEI = Lower and upper exceedance intervals (number of exceedance instances in parentheses). Superscripts of the same letter in a row indicate significant differences (α = 0.05) between sites or time periods (intra-site), na = not applicable due to insufficient number of observations for calculation.
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Table 2. Fire-scar position and seasonality of fire scars at SGL 088 and SGL 107 by sub-periods.
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All Time

	
Pre-European Settlement

	
European Settlement




	

	
1663–2013

	
1644–2013

	
≤1754

	
1755–1914






	
Site

	
SGL 088

	
SGL 107

	
SGL 088

	
SGL 107

	
SGL 088

	
SGL 107




	
Dormant

	
57.2%

	
54.5%

	
52.5%

	
33.3%

	
58.3%

	
56.9%




	
Early earlywood

	
1.0%

	
2.1%

	
5.0%

	
2.6%

	
0.0%

	
2.0%




	
Middle earlywood

	
0.0%

	
0.8%

	
0.0%

	
2.6%

	
0.0%

	
0.6%




	
Unidentified

	
41.8%

	
42.6%

	
42.5%

	
61.5%

	
41.7%

	
40.5%




	
Years with growing season fire scar (no.)

	
1.8% (1)

	
9.1% (4)

	
6.7% (1)

	
20.0% (2)

	
0.0%

	
5.9% (2)








Data are not shown for the 1915–2013 period. Five fire scars were recorded after 1914 at SGL 088, 3 of which were in the dormant position/season and 2 with unidentifiable position/season. No fires occurred in the 1915–2013 period at SGL 107.
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Table 3. Fire-scarring characteristics for samples on the north-facing versus south-facing slopes of Tuscarora Mountain at SGL 088.
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All Time

	
Pre-European Settlement

	
European Settlement

	
Fire Suppression




	

	
1664–2013

	
1668–2013

	
≤1754

	
1755–1914

	
1915–2013






	
Unit (north vs. south)

	
north

	
south

	
north

	
south

	
north

	
south

	
north

	
south




	
No. scars

	
47

	
154

	
17

	
22

	
28

	
129

	
2

	
2




	
No. fire years

	
28

	
53

	
7

	
12

	
20

	
38

	
1

	
2




	
MFI (years)

	
9.2

	
5.4

	
11.7

	
7.2

	
7.4

	
4.2

	
na

	
na




	
Mean percentage scarred

	
21.0%

	
24.4%

	
28.0%

	
20.1%

	
16.0% a

	
25.0% a

	
66.7%

	
29.2%








Superscript letter designates significantly different means between slopes (α = 0.05), na = not applicable due to insufficient number of observations for calculation.
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