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Abstract


Increasing wildfire activities across the Great Plains has raised concerns about the effectiveness and safety of prescribed fire as a land management tool. This study analyzes wildfire records from 1992 to 2020 to assess spatiotemporal patterns in wildfire risk and evaluate the role of prescribed fires through the combined analysis of wildfire and prescribed fire data. Results show a threefold increase in both wildfire frequency and area burned, with fire size increasing from east to west and frequency rising from north to south. Wildfire seasons are gradually occurring earlier due to climate change. Negative correlation between prescribed fires in spring and wildfires in summer indicated the effectiveness of prescribed fire in mitigating wildfire risk. Drought severity accounted for 51% of the interannual variability in area burned, while grass curing accounted for 60% of monthly variability of wildfires in grasslands. The ratio of wildfire area burned to total area burned (dominated by prescribed fires) declined from over 20% in early March to below 1% by early April. The results will lay a foundation for the development of a localized fire risk assessment tool that integrates various long-term, mid-term, and short-term risk factors, and support more effective fire management in this region.
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1. Introduction


Fire is a naturally occurring process in the prairie–grassland ecosystems of the U.S. Great Plains. Due to the region’s semi-arid climate, these ecosystems are inherently fire-prone [1], with wildfires typically occurring during extended dry periods [2]. Lightning is responsible for the majority (60–90%) of these wildfires, followed by human activities such as negligence and accidents [3]. While fire can play a beneficial ecological role, unplanned wildfires often result in adverse impacts and are among the most destructive natural hazards to human communities [4]. These risks are particularly pronounced in the wildland–urban interface (WUI), the transitional zone between undeveloped natural areas and human-built environments, where homes are increasingly built near flammable vegetation. As the WUI areas continue to expand and the climate becomes hotter and drier [1], the frequency and severity of catastrophic wildfires are projected to rise, posing greater threats to livelihoods in these regions [5]. Understanding wildfire risk is essential for guiding the strategic allocation of resources to mitigate wildfire hazards [6].



Given that eliminating fire from fire-prone ecosystems is not realistic, prescribed fire has been used as a tool for maximizing socio-ecological benefits while minimizing the harmful impacts of uncontrolled wildfire [4]. Historically, Indigenous peoples frequently used deliberate fire to manage prairie landscapes, with such practices often exceeding the frequency of lightning-induced wildfires [7]. Unlike unplanned wildfires, prescribed fires are intentionally planned and conducted under controlled conditions to achieve specific land management objectives. They offer a cost-effective and indispensable method for reducing fuel loads, mitigating wildfire risk [8], and dealing with a fire deficit [9]. Amid rising wildfire threats, there is increasing advocacy for the expanded use of prescribed fire [10]. However, perceived risks and concerns about legal liability continue to hinder its widespread adoption, particularly among private landowners [11,12]. As the need for prescribed fire grows and more novice landowners and stakeholders engage in decision making [9], it is crucial to reduce the barriers to safe, effective, and collaborative implementation of prescribed fires [4]. A deeper understanding of both wildfire and prescribed fire risks can provide valuable insights into these barriers [11]. Furthermore, for landowners to use prescribed fire effectively, they must be aware of seasonal windows for safe application and how these windows are shifting in response to climate change [13,14,15].



While several studies have identified favorable weather conditions for prescribed burning in the Great Plains [16], few region-specific tools exist to quantify prescribed fire risk. Most existing modeling efforts in the U.S. focused on the forested ecosystems, often overlooking key fire weather variables relevant to grasslands, while the Grassland Fire Danger Index (GFDI) was developed for temperate grassland systems in Australia and does not align with the climate and fuel characteristics of the Great Plains [17]. Our overarching goal is to develop a localized fire risk index through a data-driven modeling approach to support the planning and implementation of prescribed fire in the Great Plains. The first step of the data-driven approach is to characterize and quantify wildland fire risks using local historical data. The specific objective of this study is to identify and evaluate the long-term, mid-term, and short-term risk factors by synthesizing data from various sources, including both wildfire data from standardized reporting systems and prescribed fire data from satellite observations. The combined analysis of wildfire and prescribed fire data is innovative, and it enables the better understanding of wildland fire risks and the relationship between wildfires and prescribed fires. The results will lay a foundation for the development of a fire risk quantification tool that assists wildfire and prescribed fire management in this region.




2. Materials and Methods


2.1. Wildfire Data


Wildfire data were obtained from the Fire Program Analysis Fire Occurrence Database, which is managed by the U.S. Forest Service. This dataset consolidates wildfire records from federal, state, and local fire reporting systems and is standardized according to National Wildfire Coordinating Group protocols, including updated wildfire cause classifications [18]. For this study, we extracted all geo-referenced wildfire records across the ten states comprising the U.S. Great Plains (Figure 1) from 1992 to 2020. Although the source dataset had undergone basic error-checking, we conducted an additional round of data cleaning to improve data reliability. Duplicate records were identified and removed, resulting in a refined dataset of 497,749 wildfire incidents spanning a total burned area of over 18 million hectares across 29 years. From the more than fifty available variables, we focused on key attributes including the fire start date (reported as the discovery date), final fire size in hectares (ha), and geospatial location, accurate to at least the Public Land Survey System section level, i.e., approximately one square mile. Geospatial processing was performed using the tigris and sf packages in R (v 4.3.1) [19,20]. This included reading spatial location data, importing county shapefiles, and sub-setting fire records based on geographic coordinates to improve spatial precision for subsequent analysis.




2.2. Prescribed Fire Data


Prescribed fire is a long-established land management practice in the Flint Hills region (Figure 2), which includes most of eastern Kansas and northern Oklahoma. On average, approximately 0.8 million hectares are intentionally burned in the region each year, with most prescribed fires occurring during April. To quantify prescribed fire activities, we used a remotely sensed burned area dataset derived from the Moderate-Resolution Imaging Spectroradiometer (MODIS) onboard National Aeronautics and Space Administration (NASA)’s Terra and Aqua satellites [16]. This dataset, which covers the 17 Flint Hill counties from 2003 to 2019, was generated using a supervised minimum distance classification of bi-spectral MODIS imagery. MODIS on these satellites is making daily observations of the Earth with 36 channels spanning the spectral range from 0.41 to 15 µm and representing three spatial resolutions: 250 m (2 channels), 500 m (5 channels), and 1 km (29 channels) [21]. A combination of band 1 red (620–670 nm) and band 2 near-infrared (841–876 nm) at a spatial resolution of 250 m was used in our study because it offers the optimal combination of spatial, temporal, and spectral properties for this application. The MODIS-based daily burned area captures both prescribed and unplanned fire events across the region. For our analysis, we integrated this dataset with reported wildfire burned area data in the Flint Hills region to enable the comparative assessments of prescribed fires and wildfires.




2.3. Long-Term and Mid-Term Risk Factors


To characterize long-term and mid-term fire risk factors, we obtained data from the Keetch–Byram Drought Index (KBDI) and grassland curing data from the Oklahoma Mesonet network for the years 2006 to 2019. The KBDI is a slow-response drought index developed by the USDA Forest Service to quantify seasonal soil moisture depletion, particularly in forested ecosystems [22]. The index ranges from zero, the point of saturation, to 800, the maximum soil moisture deficiency, and represents the amounts of rainfall required (from 0 to 8 inches) to return the soil to saturation. Over the past five decades, KBDI has become one of the most widely used indicators for wildfire monitoring and prediction [23,24]. However, given that it was originally designed for forest landscapes, its applicability to grassland ecosystems, such as those in the Great Plains, requires further evaluation. Grassland curing, defined as the proportion of dead material within a grassland fuel complex, is a critical factor in grassland fire behavior. Curing levels range from 0 to 100%, with 0% representing premature, green grass, and 100% representing fully cured, dry grass. Cured grasses are prone to fire ignition because it is more flammable than green grasses. The levels of grassland curing affect the moisture content of fuel and directly affects fire behavior and potential fire spread. Fires can barely spread at curing levels below 50%, but can spread rapidly when curing exceeds 90% [25]. Therefore, it is an important factor for determining fire danger levels in grasslands [26]. Grassland curing can be estimated from satellite-derived vegetation greenness metrics, particularly the Normalized Difference Vegetation Index (NDVI) [27]. KBDI and grassland curing levels were included in our analysis as proxies for long-term and mid-term fire risk, respectively.





3. Results


3.1. Wildfire Statistics


Between 1992 and 2020, the Great Plains experienced approximately 498,000 wildfires, burning a cumulative area of about 18 million ha. On average, this equates to roughly 17,000 wildfires and 0.6 million ha burned per year. The mean wildfire size across the ten Great Plains states was approximately 36 ha per incident (Table 1).



Both the total number of wildfires and the annual burned area in the Great Plains increased approximately threefold from 1992 to 2020 (Figure 3). Substantial increases in the maximum fire size were observed during major drought years, including 2000, 2006, and 2011–2012. During these periods, both the number of wildfires and the total area burned surged, while year-to-year variability in area burned was higher (lower R2) compared to variability in the number of fire incidents.




3.2. KBDI vs. Annual Wildfires in the Great Plains


Figure 4 highlights the positive correlation between annual average KBDI and wildfire activities in the Great Plains. While both wildfire frequency and wildfire size increase with rising KBDI, compared to wildfire frequency, wildfire size is more sensitive to drought conditions. For example, as the annual average KBDI increases from 150 to 350, the number of wildfires rises by approximately 25%, while average wildfire size doubles, from around 30 ha to 60 ha. Consequently, total area burned at a KBDI of 350 is 2.5 times greater than at a KBDI of 150.




3.3. Grass Curing vs. Monthly Wildfire in Oklahoma


Figure 5 shows the multi-year average monthly wildfire numbers (1992–2020) in Oklahoma aligned with multi-year average grass curing levels. Regression analysis indicates that grass curing explains approximately 60% of the variability in monthly wildfire occurrences, highlighting its role as a significant mid-term fire risk factor in grassland ecosystems.




3.4. Prescribed Fires vs. Wildfires in the Flint Hills Region


On average, 0.8 million ha of rangeland was burned by more than 2000 prescribed fires annually in spring in the 17 counties of the Flint Hills region from 2003 to 2019. Figure 6a compares the total area burned and the wildfire area burned during spring in the Flint Hills region. On average, wildfires accounted for only about 1% of the total burned area in spring (March, April, May). The R2 between wildfire area burned and total area burned in spring was only 0.08. Figure 6b illustrates the relationship between the total area burned in spring and the wildfire area burned in the following summer (June, July, August). Generally, years with larger spring burn areas, primarily due to prescribed fires, corresponded to reduced wildfire activity in summer, with the exception of 2007 and 2013. In both years, fires were limited in both seasons, likely due to diminished fine fuel loads following preceding severe droughts. In other years, a negative relationship (R2 = 0.26) was observed between the total area burned in spring and the wildfire area burned in summer.



To assess fire risk during the spring prescribed fire season, the ratio of wildfire area burned to total area burned was calculated. As shown in Figure 6c, this ratio displayed an increasing trend from 2003 to 2019, suggesting rising fire risk in the Flint Hills region, which could make the implementation of prescribed fires more challenging due to growing safety concerns.



Figure 7a presents the multi-year average of daily wildfire and total area burned. Both metrics followed a bell-shaped distribution, with wildfire activity peaking around March 22 and total burn area peaking around April 10. Typically, more prescribed fires usually indicate weather and fuel conditions with lower fire risks, while more wildfires usually indicate conditions with higher fire risks. The ratio of wildfire area burned to total area burned varied by the day of year. Figure 7b shows the ratio of daily wildfire area burned to total area burned throughout the spring season. The ratio declines steadily over time, from more than 20% in early March to less than 1% by early April, highlighting a sharp decrease in fire risk as spring progresses.





4. Discussion


4.1. General Trends of Wildfires in the Great Plains


This study analyzed the historical wildfire data from 1992 to 2020 to characterize wildfire risk across the Great Plains. The results show that wildfire frequency generally increases from north to south, likely driven by increasing temperature, while average wildfire size increases from east to west due to differences in dominant land cover types. The average wildfire size per burn was notably larger in Montana, Wyoming, and New Mexico (Figure 8a). This pattern is likely due to the greater prevalence of woody vegetation in these mountainous western states, which is more conducive to extreme wildfire behavior compared to other land-use types in the region [28]. The distribution of land-use types in the Great Plains is described in Donovan et al. [28]. As also reported by Scasta et al. [29], wildfire frequency generally increases from north to south, driven by rising temperatures. Texas, in particular, exhibits the highest wildfire frequency. As a result, both the western and southern Great Plains states tend to have larger annual burned areas (Figure 8b).



Both wildfire frequency and total area burned exhibited clear upward trends during the study period, consistent with findings from other regions in the western United States [30,31,32,33]. The observed increasing trend of wildfires in the Great Plains is consistent with Donovan et al. [34], who reported a fourfold increase in the area burned by large wildfires (>400 ha) between 1985 and 2014 using hurdle models. These results also align with recent findings based on satellite observations [30,31], wildfire reports [32], and simulation models [33], all of which suggest an upward trend in wildfire activity across the western United States. While Yu et al. [6] noted that the increase in total burned area has outpaced the rise in wildfire frequency, implying larger average fire sizes, the data for the Great Plains do not show a significant increase in mean fire size.



The increasing trend in wildfire activities is likely driven by multiple factors, including climate change, particularly warmer and drier conditions that lead to drier vegetation and extended fire seasons [4,30,35,36]. The increasing frequency and size of large wildfires have been linked to intensifying drought severity [30,36]. Our correlation analysis further revealed that severe droughts had a stronger effect on increasing fire size than fire frequency (Figure 4). Human factors, such as population growth near wildland areas [37] and fire suppression policies that lead to fuel accumulation [38], may also play a role in escalating wildfire risks.




4.2. Seasonal Pattern of Wildfires in the Great Plains


Seasonal wildfire patterns in the Great Plains vary geographically and are influenced by differences in land cover. In the western Great Plains, wildfire occurrences typically peak in summer, whereas in the eastern states, peak wildfire activity occurs in spring (Figure 9a). This contrast likely reflects differences in dominant vegetation types, woody vegetation in the west versus grasslands in the east. Yu et al. [6] identified a bimodal seasonal distribution of wildfires across the U.S., with a primary peak in August and a secondary peak in April, a pattern consistent with findings from this study. The summer wildfire peak is likely driven by convective storms and frequent lightning strikes [39]. In contrast, in grassland regions, the wildfire peak often occurs in spring before grasses become green, as dormant grasses are more flammable than actively growing grasses. Wildfire size also exhibits distinct seasonal patterns by region. In the southern Great Plains states (Texas, New Mexico, Oklahoma, and Kansas), wildfires are the largest in spring, about 1 to 2 times larger than in other seasons (Figure 9b). In contrast, northern states such as Wyoming and Montana wildfire sizes peak in summer. Notably, in Oklahoma and Kansas, both wildfire numbers and sizes peak in spring, indicating that wildfire risk is the highest during that season. In Texas, while most wildfires occur in summer, the largest total area burned is recorded in spring.



One notable impact of climate change is a temporal shift in the wildfire season across the Great Plains. In northern states such as Montana and Wyoming, the peak month for area burned has moved from August to July, as evidenced by increasing trends in July and declining trends in August. Similarly, in southern states such as New Mexico and Colorado, the peak shifted from July to June. In grassland regions such as the Flint Hills, the spring fire peaks are also gradually occurring earlier. In Oklahoma and Kansas, wildfire activity increased in February and March while remaining relatively stable in April, suggesting a gradual shift in the wildfire season toward earlier months. Also, Figure 6a,b reveal a seasonal shift in wildfire activities in the Flint Hills region after 2013, with more wildfires occurring in spring rather than summer. This is consistent with the general observations that wildfire activities gradually moved to earlier months in the year. These changes likely reflect the effects of climate change, which has resulted in the earlier onset of hot and dry conditions. As also noted by Scasta et al. [29], such seasonal shifts are especially apparent in cooler, high-latitude, and high-elevation regions like Montana and Wyoming. This evolving pattern is important for strategic wildfire preparedness, resource allocation, and planning prescribed fire windows.




4.3. Long-Term, Mid-Term, and Short-Term Risk Factors


Wildfire activity is influenced by risk factors operating on multiple timescales. The interannual variability in wildfires can be linked to the severity of drought conditions in a given year. The KBDI, which reflects soil moisture deficit, serves as a strong indicator of drought severity. A higher annual average KBDI generally corresponds to larger average wildfire sizes and greater wildfire frequency and, therefore, a greater total area burned. In this study, the annual average KBDI explains 51% of the interannual variability in total area burned, making it a critical long-term risk factor for wildfires. KBDI has been widely used to model wildfire potential [40,41]. Abatzoglou and Williams [42] reported R2 values ranging from 0.6 to 0.8 between KBDI and area burned across southwestern U.S. forests, compared to 0.51 in this study of the Great Plains. However, other factors, such as fuel accumulation, also contribute to interannual variability in wildfires. Fuel accumulation is influenced by the timing and amount of precipitation during the growing season, regardless of the current drought severity. Scasta et al. [29] found that, in Oklahoma and Wyoming, the most severe wildfire seasons often followed years with average or above-average precipitation, while in Nevada, wildfire activity was linked to precipitation from the previous year. These dynamics may explain why the relationship between KBDI and area burned tends to be more robust at broader spatial scales [6]. The R2 between KBDI and area burned across the entire Great Plains is higher than that for the correlations found within individual states, suggesting that localized differences in fuel conditions and other factors introduce uncertainty in smaller-scale assessments.



Grass curing, a mid-term risk factor, explained 60% of monthly wildfire variability in grasslands. However, grass curing alone does not fully explain seasonal wildfire patterns. For instance, as shown in Figure 5, wildfire numbers in July and August are substantially higher than in May and June, despite all four months exhibiting similar low grass curing levels (<20%). This discrepancy is likely due to higher temperatures and increased lightning activity during midsummer. Conversely, significantly fewer wildfires occur in December to February than in March, even though all these months exhibit similar high grass curing levels (>80%). This is likely due to lower winter temperatures, which reduce ignition potential despite high fuel dryness. The variation in seasonal fire risk could be simulated using grass curing and temperature as two predictors.



Short-term risk factors, such as wind speed and dead fuel moisture, largely determined by daily relative humidity and temperature fluctuations, also play a critical role in fire ignition and spread [43]. Ongoing research aims to integrate all the long-term, mid-term, and short-term risk factors into a comprehensive fire risk assessment tool for both wildfire response and prescribed fire planning.



Additionally, the sharp increase in wildfire numbers in March raises questions about the influence of prescribed fire practices, which are commonly conducted in early spring. Further investigation is warranted to determine the extent to which these prescribed fires contribute to wildfire statistics during that period.




4.4. Relationship Between Wildfires and Prescribed Fires


Prescribed fire is a well-established land management practice in the Great Plains, crucial for reducing fuel loads and mitigating wildfire risk. As wildfire occurrence and WUI expansion increase, the importance of prescribed fire continues to grow. In the Flint Hills region of eastern Kansas and northern Oklahoma, spring serves as the primary seasonal window for prescribed fires. The weak positive correlation between wildfire area burned and total area burned in spring suggests that prescribed fire activity explains only 8% of the variation in wildfire activity. This finding aligns with that of Reid [3], who reported that prescribed fire ignitions contribute the least among known ignition sources, ranging from 0 to 13.2%. Similarly, Toledo et al. [44] found that wildfire risk was only marginally associated with prescribed fire use, based on a structural equation model. Also, as shown in Figure 7, March experienced significantly more wildfire activity than April, even though prescribed fire activity peaked in April. This suggests that wildfire occurrence is more strongly influenced by grass curing status than by prescribed fire operations.



Although the correlation between prescribed fire activity and wildfires in spring was weak (R2 = 0.08), prescribed burning in spring showed a stronger negative relationship with wildfire activity in summer (R2 = 0.26), indicating that prescribed fires in spring may help mitigate summer wildfire risk. These findings support previous studies [44] that claimed prescribed fire can play a meaningful role in risk reduction when applied effectively.



Since prescribed fires typically occur during periods of lower fire risk, while wildfires tend to emerge under higher-risk conditions, to better quantify fire risk during the spring burning season, this study calculated the ratio of wildfire area burned to total area burned (dominated by prescribed fires) for the springs of 2003–2019. On average, this ratio declined from more than 20% in early March to less than 1% by early April, indicating the seasonal decline in fire risk. This decline is most likely linked to the gradual reduction in grass curing, which typically drops from 100% in winter to nearly 0% in summer. Interestingly, the ratio begins to rise again in early May (Figure 9b), when grass curing is at its minimum and relatively stable. This secondary rise in fire risk could be attributed to short-term weather factors such as increased thunderstorm activity, lightning frequency, or stronger wind speeds in late spring.





5. Conclusions


The fear related to fire risk is the main reason that hinders the use of prescribed fire by landowners [12]. The quantification of this risk is the first step to manage the risk and to lower the barriers for the use of prescribed fire. The limited use of prescribed fire is often attributed to resource constraints and a lack of confidence among landowners. Expanding the use of prescribed fire will require accessible, science-based tools for assessing and managing fire risk. By improving the understanding of when and where prescribed fire can be safely used, landowners, especially those with less experience, can adopt this practice with greater confidence. The results of this study will lay a foundation for the development of a localized fire risk assessment tool that integrates various long-term, mid-term, and short-term risk factors, and support more effective fire management in this region. Ultimately, proactive and informed prescribed fire use holds promise for enhancing landscape resilience and reducing wildfire risk in the Great Plains.
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Figure 1. The Great Plains includes portions of 10 states (Montana, North Dakota, Wyoming, South Dakota, Nebraska, Colorado, Kansas, New Mexico, Oklahoma, and Texas). Map credit: The Great Plains Fire Science Exchange. 
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Figure 2. Prescribed fires in the Flint Hills region (map shows NASA satellite image of fires/hotspots in red dots in April, 2021). 
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Figure 3. Trends in wildfire frequency and burned area in the Great Plains, 1992–2020. 






Figure 3. Trends in wildfire frequency and burned area in the Great Plains, 1992–2020.



[image: Fire 08 00235 g003]







[image: Fire 08 00235 g004] 





Figure 4. Annual wildfires vs. annual average KBDI, 20062019. (Wildfire numbers, area burned, and average sizes are for the 10 Great Plains states. The annual average KBDI was from Oklahoma Mesonet stations). 
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Figure 5. Wildfire numbers and grass curing in Oklahoma. 
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Figure 6. The comparison of the total area burned and the wildfire area burned in the Flint Hills region (2003–2019). (a) Total area burned in spring vs. wildfire area burned in spring; (b) Total area burned in spring vs. wildfire area burned in summer; (c) Ratio of wildfire area burned over total area burned in spring. 
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Figure 7. (a) Multi-year average daily wildfire area burned and total area burned on different dates in the Flint Hills region. (b) The ratio of multi-year average daily wildfire area burned (smoothened data) over total area burned (smoothened data) on different dates. 
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Figure 8. Average wildfire size per incident (a) and average annual burned area (b) across the Great Plains, 1992–2020. 
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Figure 9. The seasonal pattern of wildfire numbers (a) and average wildfire sizes per incident (b) in the Great Plains, 1992–2020. 
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Table 1. Wildfire summary in the Great Plains by state (1992–2020).
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	State
	Total Fire Count
	Total Burned Area (ha)
	Area Burned per Year

(Thousand ha)
	Average Fire Size per Count (ha)
	Average Fire Count per Year





	Colorado
	68,313
	1,379,834
	48
	20
	2356



	Kansas
	18,275
	562,291
	19
	31
	630



	Montana
	51,804
	3,312,605
	114
	64
	1786



	North Dakota
	19,834
	198,103
	7
	10
	684



	Nebraska
	11,625
	441,661
	15
	38
	401



	New Mexico
	43,466
	2,994,334
	103
	69
	1499



	Oklahoma
	48,495
	2,339,363
	81
	48
	1672



	South Dakota
	36,165
	718,740
	25
	20
	1247



	Texas
	179,791
	4,818,406
	166
	27
	6200



	Wyoming
	19,981
	1,353,126
	47
	68
	689



	Total
	497,749
	18,118,463
	625
	36
	17,164
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