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Abstract

:

After more than a century of low fire activity in the western United States, wildfires are now becoming more common. Reburns, which are areas burned in two or more fires, are also increasing. How fires interact over time is of interest ecologically as well as for management. Wildfires may act as fuel treatments, reducing subsequent fire severity, or they may increase subsequent fire severity by leaving high fuel loads behind. Our goal was to assess whether previous wildfire severity influenced subsequent fire severity across vegetation types and over time in the Southwest U.S. using remotely sensed fire severity data in 2275 fires that burned between 1984 and 2019. Points that reburned tended to be those that burned with lower severity initially. Shrublands burned predominantly at moderate to high severity in initial fires and in reburns. Pinyon-juniper-oak systems burned with mixed severity, and fire severity was consistent from fire to fire. In ponderosa pine and aspen-mixed conifer, fire severity tended to decrease with each fire. Initial and subsequent fire severity was lower in points that reburned after a short interval. These remotely sensed observations of reburn severity need verification through field work to understand specific effects caused by reburns in different ecosystems. However, in ponderosa pine and aspen-mixed conifer forests, it may be beneficial to consider wildfires as fuel treatments and work to maintain the fuel reduction effects they have on forested ecosystems.
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1. Introduction


The area recently burned by wildfire in western North America is increasing [1,2], after more than a century of low fire activity [3]. While the return of fire as a natural process has had beneficial effects in some cases [4], in other areas wildfires have recently burned with uncharacteristic severity [5], which can result in negative impacts on ecosystem components such as native vegetation, watershed health, and fuel loads [6,7,8]. With more fire activity, repeat fires or “reburns” are becoming more common, where two or more fires burn over the landscape in short succession [9]. Individual fires influence subsequent fires through the fuels that are left or that develop on a site, including vegetation structure and composition, and the amount and arrangement of dead woody fuels. The severity of each fire sets the stage for the behavior and effects of subsequent fires as well as for vegetation succession and long-term landscape patterns [10,11], and understanding wildfire effects on subsequent fire severity has been identified as a research priority [12].



Wildfires have multiple effects on fuels: reducing fuels through consumption and killing vegetation, increasing fuels through tree mortality, and changing fuel type, for example by converting forests to grasslands or shrublands [13,14,15]. These changes can result in less severe subsequent fire severity by removing fuel available to burn. On the other hand, previous wildfires can intensify fire behavior and severity. For example, where invasive grasses are promoted by the first fire, subsequent wildfires may have a higher rate of spread [16].



Vegetation type would be expected to play a major role in how fires interact over time [10]. Many dry forests, such as ponderosa pine-dominated forests in the U.S. Southwest, historically experienced frequent fire across much of their range, and reburned as frequently as <5 years on average [3]. These fires had generally low-severity effects and the frequent fires kept ladder fuels and surface fuel loads low [17]. Low-severity reburns of low-severity fires have been documented in recent years [10], and tend to have negligible impacts on tree density, forest structure, and hazardous fuels [18]. However, in many dry forests the absence of fire during the twentieth century led to increased tree density and dead fuels and an increased potential for high-severity crown fire [19]. Higher severity in an initial fire has been found in some cases to be correlated with higher severity in subsequent fires [10,20,21]. Coppoletta et al. (2016) [22] linked this phenomenon to increased shrubs and snags in high-severity burned areas, which provide fuel for subsequent higher-severity fires.



Other vegetation types, such as mixed-conifer forests of the U.S. Southwest, experienced mixed-severity or predominantly high-severity fire historically, where intervals were longer between fires, high-severity patches were larger, and fires burned mostly in extreme drought years [23]. Repeated high-severity fires in these forest types can leave forested areas in a “state of prolonged arrested succession” [24], meaning that early seral vegetation, including resprouting species, is favored by the rapid return of high-severity fire. Alternatively, repeated short-interval high-severity fires can result in a loss of resiliency even in resprouting species [25], which could favor a conversion from forest to a non-forested state. While vegetation type is an important factor in fire interactions over time, there are also temporal considerations to fire severity interactions. For example, subsequent fires were unlikely to reburn an area within nine years of a previous fire in the Yosemite ecosystem [26], and burn severity was reduced in areas that had burned up to 22 years previously in a study by Parks et al. (2014) [21].



Several previous assessments of fire severity in reburns have focused on instructive case studies, especially in areas such as national parks or wilderness areas where management policies favored substantial fire use (e.g., [26,27], however, see [9] and [28]). Few studies have focused on reburns across multiple vegetation types and across large regions. Our approach was to analyze data from thousands of fires, and our goal was to assess whether previous fire influenced subsequent fire severity across vegetation classes in the southwestern USA. Specifically, our questions were: (1) does previous fire severity impact subsequent fire severity? (2) How does vegetation type influence reburn severity? (3) How does time between fires influence reburn severity? We expected to find that fire severity does influence subsequent fire severity, that patterns (positive and negative associations between fire severity in sequential events) would vary by vegetation type, and that fire influence on subsequent fire severity would wane over time.




2. Materials and Methods


2.1. Study Area


Our study area included the states of Arizona and New Mexico in the U.S. Southwest (Figure 1). This region ranges from approximately 20 to 4010 m in elevation, and vegetation ranges from desert at low elevations to spruce-fir forests and even tundra at the highest elevations. Other common vegetation types across the elevation gradient include grasslands, pinyon and juniper woodlands, ponderosa pine forests, and aspen-mixed conifer forests [29]. Annual precipitation ranges from 10 cm to 100 cm while mean annual temperature ranges from ~5 to 25 °C depending on elevation and location within the region [30].




2.2. Datasets and Data Extraction


From the Monitoring Trends in Burn Severity (MTBS) Interactive Viewer (https://www.mtbs.gov/viewer/index.html) we selected all fires in Arizona and New Mexico that burned between 1984 and 2019 (accessed on 9 October 2021, Figure 1). MTBS data are available nation-wide, have high spatial resolution (30 m), and are available for fires from 1984 onward [31]. Using ArcMap, we sampled fire severity by placing random points throughout the fires, separated by ≥200 m. We chose to sample with points rather than analyze all pixels within fires in order to avoid issues of spatial autocorrelation. Harris and Taylor (2017) [32] determined in a sensitivity test of spacing between points that there was little difference between results when samples were placed from 200 m to 800 m apart; we chose 200 m spacing because it allowed us to place more points. No additional stratification was employed; samples fell into vegetation types and other biophysical settings at a rate proportional to their existence across the landscape. In R, using the raster package [33,34] we extracted relative differenced Normalized Burn Ratio (RdNBR) values for each fire that had burned at each point. RdNBR is a measure of fire severity calculated from pre- and post-fire satellite imagery, relativized by pre-fire conditions [35]. It is a metric of change due to fire, and was designed to reduce bias due to variation in pre-fire vegetation type and density. The MTBS program relies mainly on Landsat images to calculate RdNBR and other metrics of fire severity primarily because images are consistently available starting in 1984, although Sentinel-2 imagery has been used when needed starting in 2018 [36]. We extracted continuous values of RdNBR and used those for some analyses. For other analyses we binned the RdNBR into categories based on a regression between Composite Burn Index (CBI; [37]) plots and RdNBR values in the Southwest: unburned (0 to 70), low severity (71 to 288), moderate severity (289 to 687), and high severity (≥688). CBI are field-based plots ideal for creating thresholds of low, moderate, and high-severity fire for satellite-derived burn severity values. With the extracted data, we created a table that included, for each point, the number of fires the point fell into and the year and the RdNBR value of each fire (first, second, etc.). For each point that burned ≥ 2 times, we calculated the difference between the RdNBR values of each fire and the time elapsed between fires.



We also extracted values at each point from LANDFIRE datasets [38,39], including elevation, aspect, slope, and biophysical setting (www.landfire.gov, accessed on 11 April 2019). LANDFIRE is a source of geospatial data and vegetation, fuel, and fire regime data in the United States. We chose biophysical setting because it is a characterization of potential vegetation that includes disturbance, rather than environmental site potential which provides potential vegetation that would establish in late succession in the absence of disturbance. We grouped biophysical setting values into four vegetation types: shrubland, pinyon-juniper-oak, ponderosa pine, and aspen-mixed conifer. We discarded points that fell into other broad classes (e.g., riparian, grasslands).




2.3. Data Analysis


We created plots showing density curves of first-fire burn severity for points that burned 1, 2, 3, and 4 or more times, by vegetation type. We also created flow diagrams using the networkD3 package [40] to visualize the burn severity in reburns in different vegetation types. We used a Kruskal–Wallis test to determine whether fire severity was significantly different in first fires vs. second, third, or fourth (+) fires, and followed that with a post hoc Dunn test using the fsa package [41] to test for differences between pairs, using a Bonferroni correction. Within vegetation classes, we used Mann–Whitney U tests to test whether first-fire RdNBR was significantly greater in points that never reburned compared to points that eventually burned 2, 3, or 4+ times. We tested for trends in time series of prior RdNBR, subsequent RdNBR, and difference in RdNBR using a Sieve-bootstrap Student’s t-test for a linear trend using the R package funtimes [42].





3. Results


There were 2275 fires available to use in our analysis, covering a footprint of about 4.65 million hectares. Approximately 800,000 of those hectares burned two or more times. After creating a random points layer throughout the fire footprints and discarding points that were not located in vegetation types of interest, we had a sample size of 194,270 points to use for defining fire severity and landscape characteristics. A total of 63,016 (32%) burned two or more times across the four vegetation classes (shrubland, pinyon-juniper-oak, ponderosa pine, and aspen-mixed conifer). The proportion of points that reburned across different vegetation classes was fairly consistent, with 30% of points reburned in shrublands, 31% in pinyon-juniper-oak ecosystems, 36% in ponderosa pine-dominated areas, and 32% in aspen-mixed conifer.



We found that across all vegetation types and all points there was a significant decrease in RdNBR values by the number of times burned (i.e., first fire, second fire, third fire, fourth or more fire, Figure 2; Kruskal–Wallis p < 0.001, adjusted Dunn p < 0.001 for all pairs). However, the averages mask an important point: the subset of points that had reburned had lower first-fire severity than all points on average (Figure 3). In pinyon-juniper-oak forests, ponderosa pine-dominated forests, and aspen-mixed conifer forests, points that eventually reburned had significantly lower first-fire RdNBR than points that never reburned (Figure 3). The exception was shrubland, where points that eventually burned four or more times had significantly higher first-fire RdNBR than points that only burned once (p < 0.001).



Categorical burn severity was highest in shrublands, where moderate and high-severity fire dominated, even in reburns (Figure 4). In pinyon-juniper-oak forests, severity was evenly distributed between all four categorical burn severities (unburned, low, moderate, high). For both of these vegetation types, points were most likely to fall into the same severity class they had in the previous fire (e.g., high to high). Ponderosa pine forests had the lowest fire severity values, and the proportion of points burned at high severity and moderate severity decreased significantly with more fires. Aspen-mixed conifer points also had the same pattern of decreasing burn severity with increasing times burned, but the proportion of points that burned at moderate or high severity started out higher than in ponderosa pine forests.



First-fire severity of points that reburned quickly was lower than those points that reburned after a longer time interval (Figure 5 top panel, Sieve-bootstrap Student’s t-test for a linear trend p = 0.001). Fire severity of the reburns also tended to increase with time since fire (Figure 5, middle panel, p < 0.001). The change in severity from one fire to the next did not vary by time since fire (Figure 5, bottom panel, p = 0.26).




4. Discussion


Our goal was to assess whether previous fire influenced subsequent fire severity in the Southwest, by vegetation type and over time between fires. Previous studies have found that high-severity burned areas tend to burn at high severity in subsequent fires (positive relationships, e.g., [28,43]), while others have found that high first-fire severity dampens subsequent fire severity (negative relationship, e.g., [44]). We found that average severity was lower in reburns, but the points that reburned tended to have lower severity to start with. These results are consistent with the general concept of fire regimes varying in a continuum across vegetation classes, with infrequent, higher-severity fires in some ecosystems and frequent, lower-severity fires at the other end of the fire regime spectrum. Although fire regimes are drastically altered from historical patterns, and the Southwest (and much of the West) is in a fire deficit compared to historical fire levels [45], we can still see distinct differences in severity in initial fires and reburns among vegetation types. In particular, there was a positive relationship between reburn severity values in shrublands and pinyon-juniper-oak ecosystems, with high-severity burned areas tending to burn at high severity again in a subsequent fire, and a negative relationship in burn severity values in ponderosa pine and aspen-mixed conifer dominated forested ecosystems, where fire severity in reburned areas tended to be lower.



Shrublands were more likely than other vegetation types to burn at moderate to high severity no matter how many times they burned, and points in shrublands that burned at high severity initially were more likely to burn at high or moderate severity in subsequent fires. These findings suggest that fire does not serve as a moderating influence on subsequent fires in shrublands. This is consistent with other studies where high shrub cover has been found to result in high reburn severity (e.g., [22]). This is possibly due to the presence in many shrublands of species that are able to resprout after fire [46]. Resprouting has been linked to high severity reburns in non-shrub vegetation as well; for example, eucalyptus forests were more likely to burn at high severity after previous high-severity fire due to epicormic sprouting from the tree stems [47].



Severity values at points in pinyon-juniper-oak ecosystems were fairly evenly spread between severity classes, with first-fire severity lower in points that later reburned. In these ecosystems, points were most likely to burn at the same severity, no matter the severity class of the first fire. This fidelity of a point to a particular burn severity has been referred to as self-reinforcing fire severity [32]. In several previous studies, first-fire severity has been shown to be positively correlated with reburn severity [22,48,49]. This has been attributed to high snag basal area and shrub cover in places that initially burned at high-severity, which leads to high-severity effects in a subsequent fire [22]. These results suggest that this vegetation type may contain multiple fire regimes, with some areas likely to burn at low severity multiple times and other areas likely to burn at high severity regardless of previous fire. This is supported by [50], who argued that there are three distinct pinyon-juniper ecosystems, each with their own characteristic historical fire regimes: persistent woodlands, with infrequent historical fires, pinyon-juniper savannas, where frequent low-severity fires burned historically, and wooded shrublands, with infrequent high-severity fires.



Average fire severity in ponderosa pine-dominated forest was lowest of all the vegetation classes, with most points within fire perimeters classified as unburned or low-severity. In contrast to other vegetation types, points in every severity class in the first fire were more likely to burn at lower severity in subsequent fires. There was very little high-severity fire in points that burned three or more times. Another notable finding was that very few points that burned at high severity were reburned in this vegetation type. This may indicate conversion in high-severity burned areas from ponderosa pine forests to a persistent low-fuel state such as a grassland with sparse herbaceous cover (e.g., [15]). Ponderosa pine is a classic example of a species that historically supported frequent low-severity surface fire, and efforts have been made in recent years to restore frequent fire to ponderosa pine ecosystems in the Southwest [51,52]. We did not differentiate between prescribed fire and wildfire in our analysis, but the vast majority of acreage burned is in wildfire, and it seems clear from our results that fire of any severity is likely to lead to lower severity fire if the area does reburn. There may be exceptions, however; for example, first-entry fires can have little effect on forest structure if they burn at very low severity [4], which presumably would result in little influence on the severity of subsequent wildfires.



Aspen-mixed conifer forests were similar to ponderosa pine-dominated forests, in that fire of any severity was likely to lead to reduced fire severity in reburns. However, the proportion of points that burned at moderate to high severity was higher in this forest type than in ponderosa pine-dominated forests. The implications of these results for higher-elevation forests in the Southwest suggest that most fires, regardless of initial severity, are likely to result in lower severity of subsequent fires. This may or may not be desirable, since high-severity fires have historically played a role in these forests, and can be a valuable catalyst for aspen regeneration. We grouped dry mixed conifer and wet mixed conifer forest types into this broad category, so conclusions may be more nuanced if subcategories of mixed conifer forest were examined separately.



When examining time since a fire, we found that initial and reburn fire severity was lower for points that burned in quick succession, but the difference between previous and subsequent fire severity did not vary by time since fire. This may be because the types of ecosystems that burned at high frequency also tended to burn at low severity. While Grabinski et al. (2017) [48] found that fire severity in reburns was higher, particularly in areas with shorter intervals between fires, many other studies have found that shorter periods between fires were more likely to lead to lower severity in reburns [49].



A limitation of this study is that remote sensing may not be the best tool to understand fire severity in reburns. RdNBR is calculated from satellite images as a measure of ecological change due to fire. Although it represents a fairly accurate picture of change after initial fire in multiple vegetation types [35], to our knowledge it has not been robustly tested in reburns across regions, vegetation types, and severity classes. For example, high mortality of regenerating tree seedlings could occur in a reburn that appears to have low severity in satellite images. On the other hand, a high-severity reburn as measured from satellite imagery could result in little ecological change in places with resprouting shrubs, for example. Despite these reasons to use caution in interpreting our results, it is interesting that we saw clear differences in reburn severity among ecosystems, suggesting that there are ecologically meaningful differences in remotely sensed reburn patterns among vegetation types. It would be valuable for future work to verify our findings through field measurements of reburn severity across vegetation types.



Our research on reburn severity has implications for regeneration and long-term successional pathways of shrublands and forests [53]. Multiple low- to moderate-severity fires can be associated with dense, clumpy regeneration [54], where seed sources are available and fires create patches of mineral soil suitable for germination [55]. On the other hand, high reburn severity, especially in large patches, can result in low regeneration which may lead to nonexistent or low tree cover for generations [56]. Type conversions, or ecosystem reorganization [57], may be undesired by forest managers for many reasons including the possibility that fine flashy fuels may increase. This may occur if, for example, grasslands replace forests. More than a century of fire exclusion in the Southwest has increased high severity fire risk in ecosystems that historically experienced frequent low-severity fire [58], and in fact area burned at high severity has been increasing in all forest and woodland classes in the Southwest [5]. While not the only important disturbance in western forested landscapes [59], the recent increase in large fires, driven partly by increasing temperature as well as rising vapor pressure deficit [60], has resulted in property loss [61], catastrophic post-fire erosion, and loss of forest resilience [62]. In response, increasing resources are being invested in treatments such as prescribed fire and mechanical thinning aimed at reducing high severity fire risk.



Like prescribed fire and mechanical thinning, wildfires also modify fuels, tree densities, stand structure and thus future fire behavior and severity [63] but have not traditionally been regarded as potentially beneficial in terms of fuel reduction and decreased risk of subsequent high-severity fire. Therefore, our research also has implications for management. We showed that reburn fires in the Southwest, particularly in ponderosa pine and aspen mixed conifer forests, tend to burn at lower severity, presumably due to fuel reduction from the first fire. Projections of a warmer and drier future climate [64] will likely continue to drive current trends of increasingly large wildfires, and may result in greater pressure to implement effective fuel treatments and include wildfire in fuel treatment calculations and resulting management decisions [65].




5. Conclusions


We found that in the U.S. Southwest, mean fire severity decreased with the number of reburns, but this is partially because in most vegetation types, points that later reburned tended to burn at lower severity in the initial fire. We found that patterns of reburn severity varied by vegetation type, with ponderosa pine-dominated and aspen mixed conifer ecosystems experiencing lower fire severity in reburns and shrublands and pinyon-juniper-oak ecosystems more likely to burn at the same severity in subsequent fires. Fire severity was lower with a shorter interval between fires. It would be beneficial to rigorously test the accuracy of burn severity metrics in reburns, as well as the ecological significance of reburn severity, but the differences in reburn severity patterns we found between vegetation classes in the Southwest U.S. suggest that interesting fire regime differences can be discerned using remotely sensed data. Our results have implications for land and fire management; fire effects on subsequent fire severity depend heavily on vegetation type.
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Figure 1. The study area includes Arizona and New Mexico in the southwestern U.S.A. Areas that burned once between 1984 and 2019 are shown in light blue, and areas that burned two or more times are shown in dark gray. 
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Figure 2. RdNBR values at points that burned 1, 2, 3, and four or more times. Shown are values for all points regardless of vegetation type. As the number of times burned increases there is a significant decrease in burn severity (Kruskal–Wallis p < 0.001, adjusted Dunn p < 0.001 for all pairs). 
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Figure 3. Density plots of first-fire burn severity for points that burned 1, 2, 3, and 4 or more times, in shrubland, pinyon-juniper-oak, ponderosa, and aspen-mixed conifer forests. For reference, dashed vertical lines represent threshold values calculated for southwestern forested areas for unburned (0 to 70), low severity (71 to 288), moderate severity (289 to 687), and high severity (≥688). In all vegetation types except for shrublands, points that never reburned (1 fire) burned at higher severity in the first fire. In shrublands, points that eventually burned 4 or more times had the highest first-fire severity. 
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Figure 4. Points that fell into two or more fire perimeters (approximately one third of all points), showing unburned (dark green), low (light green), moderate (yellow), and high (red) severity in the first, second, and third fires in (a) shrublands, (b) pinyon-juniper-oak, (c) ponderosa pine, and (d) mixed-conifer-aspen. The vertical height of each colored box is proportional to the number of points in each category. The number of points is fewer in the third column within each panel because fewer points fell into three or more fires. Shrublands had the highest proportion of high-severity fire in first, second, and third fires, while ponderosa pine-dominated areas had the highest proportion of unburned and low-severity fire. 
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Figure 5. Top panel: Fire severity of prior fire, by time since fire, shows points that reburned quickly had lower initial fire severity (p = 0.001). Middle panel: Fire severity of subsequent fires, by time since fire shows fire severity increasing with time since fire (p < 0.001). Bottom panel: Difference in fire severity between subsequent and previous fire, by time since fire, shows differences in fire severity from one fire to the next are not related to time since fire (p = 0.26). 
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