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This study advances environmental management practices by developing a comprehensive multi-index remote sensing methodology for rapid and accurate forest fire impact assessment in protected areas. Applied to the 2021 Yushan National Park fire in Taiwan, the approach integrates three complementary vegetation indices—Normalized Burn Ratio (NBR), Burned Area Index (BAI), and Normalized Difference Vegetation Index (NDVI)—to evaluate pre-fire and post-fire conditions across forest compartments No. 51 and No. 52. The methodology demonstrates significant advantages for protected area management where recreational activities intersect with conservation priorities. The NBR analysis identified 68.89 hectares of burned area with 97.1% accuracy compared to official reports, establishing the method’s reliability for rapid damage assessment. NDVI and BAI analyses provided complementary insights, with NDVI effectively detecting 27.99 hectares of completely destroyed vegetation and BAI identifying 17.80 hectares of severely charred areas, both showing statistical significance when validated against ground observations. Through carbon storage analysis, we quantified a loss ranging from 7 to 18,000 metric tons, demonstrating the approach’s capability for environmental impact quantification. The multi-index methodology reveals varying degrees of burn severity across different forest compartments, enabling precise mapping of ecosystem damage patterns. This framework offers a cost-effective, reproducible approach for both immediate impact evaluation and long-term monitoring of forest recovery, supporting evidence-based management decisions in protected areas globally, though local calibration may be required for optimal performance.
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1 Introduction

The ability to track and measure forest fires through remote sensing has become a critical tool for environmental management, particularly as fire occurrence rises globally with increasing frequency and severity (Arnett et al., 2015; Gale et al., 2021; Hamilton et al., 2023; Jodhani et al., 2024a; Lentile et al., 2006). Satellite-based monitoring platforms offer unique, rapid, large-scale assessment capabilities that complement traditional ground surveys (Chen et al., 2022; Chuvieco et al., 2020; Omar and Kumar, 2021; Zheng et al., 2023). Recent research demonstrates the growing importance of remote sensing applications for fire damage assessment and ecosystem impact estimation (Cui et al., 2022; Burrell et al., 2022; Jodhani et al., 2024b).

The global scope of fire-related impacts on forest ecosystems is substantial, with more than 1 million ha of forests burned annually in Europe, the Middle East, and Africa (Kolanek et al., 2021). Fires triggered by climate change and human activities have caused significant ecological deterioration (Sadowska et al., 2021; Senande-Rivera et al., 2022). Several region-specific case studies further illustrate the multifaceted impacts of fire-related disturbances. For instance, Dong et al. (2021), Krikken et al. (2021), and Lohmander et al. (2022) report localized yet severe ecological degradation associated with increasing fire frequencies and land-use pressures. In Australia, fires, drought, and habitat loss have reduced koala populations by 30% in just 3 years (Law et al., 2022; Phillips et al., 2021).

In fire severity detection and burn pattern analysis, remote sensing technologies, particularly Landsat-8 satellite imagery, have demonstrated considerable potential (Bonney et al., 2020; Soubry et al., 2021). Integrating multiple vegetation indices enables accurate fire impact analysis that supports immediate assessment and long-term monitoring (Hislop et al., 2019). These capabilities are especially crucial for protected areas, where timely, high-quality assessment is essential for management and restoration planning (Chen et al., 2024; Yu et al., 2024; Yu et al., 2025).

Taiwan provides a compelling case study for advanced fire monitoring applications, with forests covering 60.71% of the island (2,197,000 hectares) (Forestry Bureau, Council of Agriculture, Executive Yuan, 2016). Despite occupying only 3% of Taiwan’s land mass, Yushan National Park hosts over half of the island’s native species, making accurate fire damage estimation crucial for biodiversity management (Chou and Tang, 2016; Li and Jones, 2021). A fire event at the intersection of forest compartments No. 51 and No. 52 at 3,150 meters altitude revealed significant limitations in existing assessment approaches (Forestry Bureau, Council of Agriculture, Executive Yuan, 2021a,b) (Figure 1).
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FIGURE 1
 Photos of the forest fire of Yushan National Park in 2021. (A) The burning Yushan National Park, (B) firefighters putting out the fire, (C) forest compartments engulfed in flames, and (D) POST status of the burned Yushan National Park. Photos courtesy of Forestry and Nature Conservation Agency, Ministry of Agriculture, Taiwan.


Traditional assessment methods in Taiwan rely on aerial photographs and ground surveys from the Aerial Survey Office (Forestry Bureau, Council of Agriculture, Executive Yuan, 2016). However, this approach proved inadequate during the 2021 Yushan forest fire assessment, when a two-year lag between pre- and post-fire aerial images and persistent cloud cover compromised practical damage assessment (Forestry Bureau, Council of Agriculture, Executive Yuan, 2023; Forestry and Nature Conservation Agency, Ministry of Agriculture, 2024). These challenges highlight the need for more robust, timely, and accurate assessment methods.

Recent advances in remote sensing technologies have demonstrated the efficacy of integrated approaches using multiple vegetation indices (Camps-Valls et al., 2021; Egorov et al., 2023; Huete, 2012). These methods provide more precise fire damage assessment and facilitate evidence-based restoration planning and monitoring (Chausson et al., 2020). The combination of different spectral indices offers a robust framework for quantifying immediate fire impacts and long-term ecosystem changes (Pérez-Cabello et al., 2021).

This study presents an advanced methodology using Landsat-8 satellite data for rapid, large-scale assessment of forest fire impacts (Santos et al., 2020; Roy et al., 2014; Wassner et al., 2025), taking the Yushan National Park fire of 2021 as a case study. By integrating multiple vegetation indices, including the Normalized Burn Ratio (NBR), Normalized Difference Vegetation Index (NDVI), and Burned Area Index (BAI), we demonstrate a comprehensive approach for determining fire damage and supporting protected area management decisions (Alcaras et al., 2022; Zhang et al., 2023).



2 Materials and methods


2.1 Study area

Yushan National Park covers 103,121.4 hectares of land across four Taiwanese counties in its central region. The research area consists of forest compartments No. 51 and No. 52 within Yushan National Park whose location falls in Nantou County (Figure 2). The area of No. 51 forest compartment is 874.11 hectares and that of No. 52 is 544.07 hectares. The total area of the two forest compartments accounts for approximately 1.38% of Yushan National Park.
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FIGURE 2
 The locations of Yushan National Park and the forest compartments No.51 and No.52 in Taiwan. (A) Yushan National Park, (B) counties containing Yushan National Park, and (C) locations of No. 51 and No. 52 Forest compartments.




2.2 Landsat-8 datasets

We used Landsat-8 Collection 2 data distributed by the United States Geological Survey (USGS) EarthExplorer for the estimation of burned area. The Landsat Level-1 scene-based products provide Landsat 1 to Landsat 9 global images, including all bands or individual bands calculated for spectral indices. Landsat-8 product provides monthly satellite images, available from February 2013 onwards.

The observatory consists of the spacecraft bus and its payload of two Earth-observing sensors, the Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS). OLI and TIRS images consist of nine spectral bands with a spatial resolution of 30 meters for Bands 1 to 7 and 9. Bands 5 and 7 are Near Infrared (NIR) and SWIR (Short-wave Infrared) 2, respectively. We used both of the two bands to identify burned areas and provide a measure of burn severity, which is calculated as a ratio between the NIR and SWIR values in traditional fashion. Similarly, we use red (R) and NIR light to calculate NDVI and BAI.


2.2.1 Normalized burning ratio, NBR

NBR is an index for detecting and mapping burned areas. Both SWIR and NIR were used to identify images of burning trees for the determination of NBR (Boucher et al., 2020; Cardil et al., 2019; Xiao et al., 2019). Images of both wavelengths are available in Landsat-8 satellite images from the USGS. Among Landsat-8 imagery data, Bands 5 and 7 are NIR and SWIR 2, respectively. We calculated the value of NBR with Equation 1:
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ArcGIS Pro 2.8 Indices were used to calculate the NBR indices before the fire in February and after the fire in July. The value of NBR is between −1 and 1, where negative values indicate burned areas and positive values indicate unburned or normal vegetation.



2.2.2 Burn area index, BAI

BAI is a metric used to assess the severity of burn damage in a particular area, typically in a forest or grassland. It is derived from remote sensing data, such as satellite imagery or aerial photography, and is calculated by comparing the reflectance value of a burned area with those of an unburned area. Landsat-8 data bands 4 (Red) and 5 (NIR) were used, and we calculated the value of BAI with Equation 2 (Chuvieco et al., 2002):
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ArcGIS Pro 2.8 Indices were used to calculate the BAI indices before and after the fire. Higher BAI values indicate more severe burn damages.



2.2.3 Normalized difference vegetation index, NDVI

NDVI is a commonly used vegetation index that is calculated using the reflectance values of R and NIR light. Since Landsat-8 imagery data include the reflectance values for the R and NIR bands, the difference between Red and NIR wavelengths was used to reflect the distribution of vegetation with Equation 3 (Rouse et al., 1974):
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Similarly, ArcGIS Pro 2.8 Indices were used to calculate the NDVI before the fire in February and after the fire in July. NDVI value is between −1 and 1. A higher NDVI indicates a greener forest area.




2.3 Taiwan open data portal

We used the forest management and national park data distributed by the Taiwan Open Data Portal, which provides free access to a wide variety of government data in machine-readable formats. The portal includes data related to demographics, economy, environment, education, transportation, and more. We used the forest data including the locations of the compartments which were burned. We also used the geographical data of Yushan National Park to present the burned areas. Datasets used in this study are summarized in Table 1.



TABLE 1 Datasets used in this study.
[image: Table1]



2.4 Analysis approach


2.4.1 Assess burn severity using the NBR and dNBR

Our burn severity analysis involved multiple steps using the Normalized Burn Ratio (NBR). First, we computed NBR values from satellite imagery captured at two distinct time points: pre-fire (February 2021) and post-fire (July 2021). To isolate the burned regions, we generated a differential NBR (dNBR) by subtracting the post-fire NBR values from the pre-fire NBR values. We then applied a mask to eliminate areas that showed no evidence of burning between these dates, effectively highlighting only the fire-affected zones. In our final GIS cartographic output, we visualized the burned areas using red coloration, with the intensity of red corresponding to the magnitude of the NBR difference. Higher dNBR values indicate more severe fire damage, helping us identify the most critically impacted regions.



2.4.2 Assess burn severity using the BAI and dBAI

We employed the Burned Area Index (BAI) in ArcGIS Pro to conduct a detailed burn severity assessment. Our analysis began with BAI calculations for two temporal snapshots: pre-fire (February 2021) and post-fire (July 2021). To identify the affected regions, we generated a differential BAI by subtracting the July values from the February measurements. We then applied a mask to remove all unburned areas from the analysis period, creating a focused visualization of only the fire-impacted zones. In our final GIS cartographic representation, we symbolized the burn severity using a red color gradient, where the intensity corresponds to the magnitude of BAI change. Higher differential values in our results signify areas that experienced more intense burning, providing a quantitative measure of fire severity across the landscape. This BAI-based methodology enabled us to produce a precise spatial assessment of the burn patterns within our study area.



2.4.3 Assess burn severity using the NDVI and dNDVI

We analyzed vegetation loss using the Normalized Difference Vegetation Index (NDVI) following the same methodological approach as our previous analyses. We computed NDVI values at two critical time points: pre-fire conditions in February 2021 and post-fire conditions in July 2021. To quantify the fire’s impact on vegetation, we calculated the differential NDVI (dNDVI) between these temporal snapshots. Following our established protocol, we applied a mask to exclude all unburned areas during this period, ensuring our analysis focused solely on fire-affected regions. This masking procedure aligned with our NBR analysis methodology, allowing us to isolate and examine only the areas directly impacted by the fire event.





3 Results


3.1 Results of NBR analysis

Our NBR analysis compared pre- and post-fire conditions in the Yushan forest. Pre-fire assessment (February) (Figure 3A) shows that NBR range is from −0.179 to 0.503, with mean NBR equal to 0.225. Post-Fire Assessment (July) (Figure 3B) shows a NBR range from −0.051 to 0.574, with mean NBR equal to 0.290.
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FIGURE 3
 NBR analysis results. (A) NBR values before the fire in February 2021, (B) NBR values after the fire in July 2021, (C) differential NBR (dNBR) with negative values highlighted in purple showing burn-affected areas, and (D) manually digitized burn extent within Forest Compartments No. 51 and No. 52.


The NBR methodology leverages the distinct spectral responses of Near-Infrared (NIR) and Short-Wave Infrared (SWIR) radiation. Healthy vegetation typically exhibits high NIR reflectance and low SWIR reflectance due to water content in plant tissues. Fire damage inverts this pattern, producing lower NIR reflectance and higher SWIR reflectance, resulting in decreased or negative NBR values that indicate vegetation loss and increased surface temperatures.

Differential NBR (dNBR) Analysis reveals a range from −0.346 to 0.565. It can be seen that most severe burn impacts (lowest dNBR values) concentrated at the intersection of Forest Compartments No. 51 and 52, as the burn-affected areas visualized in purple (Figure 3C).

Through manual digitization of the most severely impacted areas (highlighted in red) (Figure 3D), we quantified the total burned area to be 68.89 hectares, of which 5.18 hectares occurred in Forest Compartment No. 51, and the main part with 63.70 hectares was found in Forest Compartment No. 52.



3.2 Results of BAI analysis

The Burned Area Index (BAI) effectively identifies fire-affected zones through its heightened sensitivity to both vegetation changes and charred biomass signatures. Using the same Landsat-8 satellite imagery employed in our NBR analysis, we conducted a temporal comparison between pre- and post-fire conditions, generating a differential BAI map (Figure 4A).
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FIGURE 4
 BAI analysis results. (A) Difference of BAI values between February and July 2021, (B) results of Iso cluster unsupervised Classification showing four categories of burn severity, (C) vector conversion of severely burned areas [shown in red in (B)], and (D) final burn area delineation within forest compartments No. 51 and No. 52.


Unlike the NBR analysis, BAI produced more distinct pixel classifications, enabling a robust automated analysis approach. We implemented a four-category classification using the Iso Cluster Unsupervised Classification geoprocessing function (Figure 4B). The severely burned forest areas, highlighted in red, were subsequently converted to vector format for area calculation (Figure 4C).

The spatial analysis revealed a concentrated burn pattern, where the total burned area was 17.80 hectares, found in Forest Compartment No. 52 (southern section) with 17.80 hectares, and zero in Forest Compartment No. 51 (northern section). The final visualization (Figure 4D) clearly demonstrates the fire’s localized impact, with damage exclusively confined to the southern forest compartment.



3.3 Results of NDVI analysis

NDVI provides crucial insights into fire-induced vegetation changes. Following severe forest fires, NDVI values typically show a marked decrease, often becoming negative due to the fire’s impact on vegetation reflectance patterns. This phenomenon occurs because burned areas exhibit reduced Near-Infrared (NIR) reflectance coupled with increased red light reflectance.

Our temporal NDVI analysis comprised three key stages: pre-fire assessment (February) (Figure 5A), post-fire assessment (July) (Figure 5B), and differential NDVI calculation (Figure 5C). The differential analysis isolated burn-affected areas by removing unchanged regions between February and July. Our detailed visualization (Figure 5D) highlights these burn-impacted zones using purple coloration, revealing stark contrasts between burned and unburned areas. Given these pronounced differences, we leveraged ArcGIS Pro (2.9)'s unsupervised classification capabilities for automated interpretation.

[image: Figure 5]

FIGURE 5
 NDVI analysis results. (A) NDVI values before the fire in February 2021, (B) NDVI values after the fire in July 2021, (C) differential NDVI (dNDVI) showing burn-affected areas in Forest Compartments No. 51 and No. 52, and (D) unsupervised classification of burn extent (highlighted in purple) validated against previously calculated negative NBR values.


While negative NDVI values can result from various landscape features (water bodies, shadows, bare soil, or cloud cover), we refined our burn area identification by cross-referencing with our previous dNBR analysis. This integrated approach ensured accurate burn area delineation (Figure 5D). The quantitative assessment revealed that the total burned area is 27.99 hectares, where Forest Compartment No. 51 accounts for 6.48 hectares, and Forest Compartment No. 52 contributed 21.51 hectares.



3.4 Carbon storage loss analysis

We quantified post-fire carbon storage loss using burn extent estimates derived from the multi-index remote sensing framework. Based on a standard carbon density value of 272 Mg/ha for subtropical forests (IPCC Change, 2006), we calculated carbon loss across the areas identified as burned by each index.

The NBR analysis detected 68.89 hectares of burned forest, corresponding to an estimated carbon loss of 18,738.08 metric tons. In contrast, the NDVI analysis identified 27.99 hectares of destroyed vegetation, resulting in a lower-bound estimate of 7,557.92 metric tons. These differences reflect the distinct sensitivities of the two indices, with NBR capturing broader canopy disturbance and NDVI emphasizing total vegetation loss.

The BAI analysis delineated 17.80 hectares of severely charred forest concentrated in Compartment No. 52. Applying the same carbon density; this area corresponds to an estimated loss of 4,841.60 metric tons. Although more conservative, the BAI-derived estimate falls within the range defined by NDVI and NBR and offers a reference point for high-intensity fire zones.

These loss values are consistent with patterns reported in previous post-fire carbon assessments. Studies in subtropical-temperate mixed forests have observed up to 39% reductions in aboveground biomass following fire events (Hu et al., 2020). Fires in Sierra Nevada coniferous systems reduced forest floor carbon stocks by 77% (36.4 Mg C/ha) and disproportionately affected small-diameter trees (Pellegrini et al., 2021; Souza et al., 2022).

Spatially, our multi-index outputs consistently revealed that carbon loss was concentrated at the intersection of Forest Compartments No. 51 and No. 52, aligning with zones of pronounced spectral change across all indices. Such localized reductions in carbon stocks have implications for atmospheric regulation (Reid et al., 2005), particularly in forest systems with high carbon storage capacity, such as boreal and montane environments, which globally contain an estimated 367–1,716 Pg of carbon (Bradshaw and Warkentin, 2015).

We applied a uniform carbon density of 272 Mg/ha based on IPCC Tier 1 values. To account for potential within-stand variation in species composition and forest structure, we performed a sensitivity analysis using ±15% uncertainty margins. The resulting carbon loss estimates ranged from 6,424 to 21,548 metric tons, providing a bounded estimate consistent with values reported in comparable forest systems.

These results demonstrate that the multi-index remote sensing approach offers an efficient, replicable framework for estimating post-fire carbon dynamics, particularly when detailed field-based biomass inventories are unavailable.




4 Discussion


4.1 Performance analysis of multi-index remote sensing methods

Our remote sensing analysis results strongly agreed with official Forestry Bureau data, which documented a total burn area of 71 hectares, including 22 hectares of destroyed forest. The NBR analysis identified 68.89 hectares of burned area, achieving a 2.9% error rate. NDVI analysis detected 27.99 hectares, closely matching the destroyed area with a 26.6% error rate. BAI yielded a more conservative estimate of 17.80 hectares, with a 19.1% error rate.

These differences arise from the distinct spectral sensitivities of the three indices. NBR effectively captures regions with low NIR and high SWIR reflectance—hallmarks of fire impact (Alcaras et al., 2022; Delcourt et al., 2021; Giddey et al., 2022; Van Gerrevink and Veraverbeke, 2021a, 2021b). NDVI, based on red-NIR contrast, excels in identifying destroyed vegetation (Digavinti and Manikiam, 2021; Segah et al., 2010; Wang et al., 2022), whereas BAI is exceptionally responsive to charred surfaces.

Despite their differences, the indices showed substantial spatial agreement in high-burn zones, especially at the intersection of Compartments No. 51 and 52. NBR and NDVI consistently identified severely affected regions, while BAI refined the delineation of partially degraded vegetation. This convergence affirms the robustness and complementarity of the multi-index approach (Cardil et al., 2019). Comparable index-based analyses have also been applied in urban environments to reveal how surface thermal behavior varies with land cover types. For example, Omar and Kumar (2021) found that LST derived from Landsat TIRS data correlates positively with NDBI (built-up areas) and negatively with SAVI (vegetated surfaces), illustrating how index selection can influence sensitivity to thermal or structural disturbance. While our study focuses on post-fire vegetation change, such findings reinforce the interpretability of index behavior in relation to biophysical surface conditions.

We implemented a composite burn assessment framework to enhance precision that integrates NBR, NDVI, and BAI under a differential masking workflow. This multi-dimensional approach proved especially effective in cloud-prone, high-altitude terrain. In addition to traditional manual digitization, we employed Iso Cluster Unsupervised Classification on dBAI layers to map severely burned zones semi-automatically. We recommend that future studies incorporate ensemble classification models (e.g., Random Forest) or threshold fusion (e.g., dNDVI × dBAI composites) to optimize fire severity mapping further.



4.2 Carbon storage and ecosystem service implications

The fire significantly impaired atmospheric regulation services in the forest landscape by reducing aboveground biomass and altering vegetation structure (Reid et al., 2005). Our multi-index analysis revealed substantial post-fire carbon storage loss, with NDVI identifying 27.99 hectares of destroyed vegetation (7,557.92 metric tons) and NBR delineating a broader 68.89-hectare burn extent (18,738.08 metric tons). These results are consistent with previous studies in subtropical-temperate forests, which have documented up to 39% reductions in aboveground biomass following fire events (Hu et al., 2020). In Sierra Nevada coniferous systems, fire reduced forest floor carbon by 77% (36.4 Mg C/ha), with small-diameter trees exhibiting heightened susceptibility (Pellegrini et al., 2021; Souza et al., 2022). Longitudinal research indicates that increasing fire frequency contributes to sustained soil carbon depletion and declining ecosystem productivity (Pellegrini et al., 2018).

Although our estimates adopted a uniform carbon density of 272 Mg/ha by IPCC Tier 1 guidelines (IPCC Change, 2006), we acknowledge the limitation of not accounting for within-stand heterogeneity in biomass. We conducted a ± 15% sensitivity analysis to partially address this uncertainty, resulting in a revised carbon loss range of 6,424–21,548 metric tons. This bracket encompasses likely variability and aligns with site-level studies of post-fire carbon dynamics.

Although we did not directly use BAI for carbon quantification due to its narrower sensitivity to surface charring, we employed it as a critical spatial reference to validate the high-severity burn areas identified by NBR and NDVI. The BAI-derived burned area totaled 17.80 hectares, corresponding to an estimated loss of 4,841.60 metric tons. This value falls within the broader range defined by the other indices and reinforces the internal consistency of the multi-index approach. Cross-index convergence supports more robust fire severity mapping, particularly in topographically complex or spectrally mixed forest systems. Future studies may enhance this framework by incorporating ensemble-based integration or automated spectral fusion techniques to optimize post-disturbance carbon diagnostics.

Beyond direct carbon loss, the fire disrupted broader ecosystem services such as biodiversity conservation and recreational value. Studies from the Huisun Experimental Forest Station in Taiwan demonstrate substantial seasonal variation in recreation-related willingness to pay, with higher values during summer visitation (Liu et al., 2020; Liu et al., 2019). These losses underscore the need for climate adaptation strategies incorporating fire prevention, early-warning systems, and community-based monitoring. As observed in comparable high-risk regions, such measures can improve protected area resilience while maintaining ecosystem function and visitor engagement (Coban and Erdin, 2020).



4.3 Aerosol and air pollution implications

The forest fire in Yushan National Park, which occurred at an elevation of 3,150 meters, generated substantial airborne pollutants and aerosols dispersed across the surrounding region. It released significant quantities of delicate particulate matter (PM2.5 and PM10), along with carbon monoxide (CO), nitrogen oxides (NOₓ), and volatile organic compounds (VOCs).

Forest fires in mountainous terrain are particularly problematic for pollution retention, as dispersion is often limited. Studies have shown that such fires can account for up to 30% of PM2.5 concentrations in affected areas (Pani et al., 2018). Due to the high-altitude location of the event, emissions were subject to long-range atmospheric transport. Similar East Asian cases have demonstrated that wildfire pollutants can travel over 1,000 kilometers, driven by strong monsoon winds and favorable synoptic patterns (Fan et al., 2023). In the case of Taiwan, the springtime northeastern monsoon likely facilitated the transboundary movement of pollutants to adjacent regions.

Future systems aiming to improve smoke monitoring and air quality assessment should incorporate satellite-derived aerosol optical depth (AOD), which has been shown to correlate strongly with ground-level PM₂.₅ concentrations during wildfire episodes (Ma et al., 2019). While our current study qualitatively discusses aerosol and PM2.5 emissions, we did not incorporate remote sensing aerosol products (e.g., MODIS AOD, MERRA-2 reanalysis). Future iterations will aim to integrate these datasets to quantitatively estimate smoke dispersion and surface-level particulate concentrations, further supporting real-time mitigation and early-warning applications.



4.4 Methodological considerations and future applications

Several technical factors influenced the accuracy of this study. Persistent cloud and fog cover required restricting the analysis to the official fire boundary at the junction of Forest Compartments No. 51 and No. 52. Established protocols for mountainous terrain analysis excluded potential classification artifacts beyond this boundary (Sarkar et al., 2019).

The limited temporal resolution of Landsat-8 imagery—restricted to February and July 2021—represents a key constraint, especially given the high-altitude location and frequent cloud cover in the study area. Bi-monthly or seasonal time-series imagery would better capture fire recovery dynamics (Wang et al., 2022; Yu et al., 2024). To address this limitation, we will incorporate Harmonized Landsat-Sentinel (HLS) and Sentinel-2 time series in future work to assess post-fire vegetation recovery trajectories with improved temporal fidelity.

The rugged topography also posed challenges for atmospheric correction and spectral calibration. Accurate reflectance interpretation in steep terrain remains essential, as highlighted by studies in similar high-altitude environments (Fujii et al., 2017). To mitigate these limitations, we recommend incorporating Sentinel-1 Synthetic Aperture Radar (SAR), which offers cloud-penetrating capabilities and sensitivity to surface moisture. SAR integration with optical indices can improve burn detection in low-visibility regions, especially in persistently clouded protected areas like Yushan National Park (Sarkar et al., 2019).

Region-specific machine learning models and drone-based monitoring systems could enhance fire severity mapping and resolution. In incomparable protected areas, locally calibrated models have improved classification accuracy by 15–20% (Reddington et al., 2021), reinforcing the need to tailor monitoring approaches to regional landscape conditions.

Finally, the multi-index remote sensing framework developed in this study directly supports integration into Taiwan’s National Disaster Prevention and Protection Plan. By incorporating this approach into existing systems—such as the Fire Weather Index (FWI), the Central Disaster Prevention and Response System, and the Taiwan National Land Use Monitoring System—government agencies could enhance real-time detection, spatial targeting of suppression efforts, and post-fire recovery planning. In particular, the proposed framework allows for early identification of high-burn zones and quantification of carbon loss, which are critical for prioritizing conservation responses under limited resources. We recommend that this framework be piloted in high-risk protected areas to inform adaptive management protocols and to develop automated alert systems based on satellite data fusion. Such integration would not only improve operational readiness but also support long-term policy goals in climate adaptation and forest resilience planning.




5 Conclusion

This study advances environmental management practice by demonstrating the effectiveness of an integrated remote sensing approach for protected area fire assessment. The methodology’s high accuracy rate of 97.1% in burn area detection validates its reliability as a management tool, while its multi-index framework provides comprehensive insights into fire damage patterns and severity levels. By successfully integrating NBR, NDVI, and BAI analyses, the study establishes a robust foundation for rapid and accurate fire impact assessment that supports evidence-based decision-making in protected area management.

This study offers several significant contributions to environmental management practice. The methodology provides protected area managers with a practical, cost-effective alternative to traditional ground-based surveys, enabling rapid assessment even in challenging terrain. The precise quantification of carbon storage loss, ranging from 7,558 to 18,738 metric tons, delivers valuable data for ecosystem service valuation and climate change mitigation planning. Furthermore, the study’s findings regarding aerosol emissions and air quality impacts enhance understanding of the broader environmental consequences of forest fires in protected areas.

The approach’s reliance on freely available Landsat-8 data ensures its accessibility to management agencies globally, though optimal performance may require local calibration to account for specific ecosystem characteristics. This accessibility, combined with the methodology’s demonstrated accuracy, positions it as a valuable tool for protected area managers facing similar challenges worldwide. The framework’s ability to support both immediate post-fire assessment and long-term ecosystem recovery monitoring provides managers with a comprehensive solution for fire impact management.

Looking forward, the integration of machine learning techniques and automated processing workflows could further enhance the methodology’s utility for protected area management. Additionally, incorporating real-time aerosol monitoring and expanding the range of spectral indices could provide more comprehensive environmental impact assessments. These enhancements would strengthen managers’ ability to respond effectively to fire events while monitoring long-term ecosystem recovery.

The success of this approach in the Yushan National Park case study demonstrates its potential for broader application in protected area management, particularly in regions where traditional assessment methods face practical constraints. By providing accurate, timely, and comprehensive fire impact data, this methodology enables protected area managers to make informed decisions about resource allocation, restoration planning, and long-term ecosystem management strategies.
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