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Abstract

:

Wildfires are an intrinsic and vital driving factor in the Miombo ecosystem. Understanding fire regimes in Miombo is crucial for its ecological sustainability. Miombo is dominant in Central Mozambique, having one of the highest fire incidences in the country. This study evaluated the spatio-temporal patterns of fire regimes (intensity, seasonality, frequency and fire return interval) in the LevasFlor Forest Concession (LFC), Central Mozambique using remotely sensed data from 2001 to 2022. We conducted hotspot spatial statistics using the Getis-Ord Gi* method to assess fire distribution and patterns. The results revealed that 88% of the study area was burnt at least once from 2001 to 2022, with an average burned area of 9733 ha/year (21% of LFC’s total area). Fires were more likely to occur (74.4%) in open and deciduous Miombo types. A total of 84% of the studied area, burned in a range of 4 to 22 years of fire return interval (FRI) over the 21 assessed. Only 16% of the area was affected by high to very high FRI (1 to 4 years), with an average FRI of 4.43 years. Generally, fires are more frequent and intense in September and October. These results highlight the usefulness of remote sensing in evaluating long-term spatiotemporal fire trends for effective fire management strategies and control measures in African savanna ecosystems.
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1. Introduction


Miombo covers an estimated area of 1.9 million km2 across seven countries in central, southern, and eastern Africa, including Mozambique [1]. Miombo is the dominant vegetation type in Mozambique [2], largely covering the northern and central parts of the country [3]. These woodlands are a type of savanna vegetation primarily dominated by three genera Brachystegia, Julbernardia, and Isoberlina, which belong to the Detarioideae subfamily [4,5,6]. A typical characteristic of Miombo is the presence of shade-intolerant grass species and deciduous trees that shed their leaves during the dry season and develop new ones just before the rainy season [6,7,8].



Miombo is a fire-driven ecosystem, but the impacts of fires on its structure, function and stability are complex [9]. Fire can harm the Miombo ecosystem by causing tree mortality and biodiversity loss [7,8,10], but it can also benefit the ecosystem by promoting natural regeneration [5,6]. In fact, fire can facilitate plant species succession processes by breaking seed dormancy and stimulating sprouting [7,8,10,11]. However, wildfires in Miombo also have a significant potential to contribute to global climate change through the release of greenhouse gases, particularly carbon dioxide [11,12,13,14,15].



Frequent and intense wildfires in central Mozambique are becoming a threat to Miombo. Normally, a fire return of 2–4 years is considered less harmful, sustainable and common for the ecosystem [9,10,12]; however, annual fires are becoming more frequent in the region, increasing their adverse impacts [3,11]. The understanding of fire incidence and patterns in central Mozambique is still not well documented [3]. This study is the first using both field-based and remote sensing approaches to analyze long-term spatio-temporal fire incidences in the Miombo woodlands of the Cheringoma complex. Current data show that 74% of the dominant Miombo areas (i.e., the central Mozambique including the Cheringoma complex) burn annually [3,4,11,16]. The study by Buramuge et al. [17] reported that fires are increasing in this region and are associated with activities causing forest degradation.



The perception of how wildfires will affect a natural ecosystem like Miombo is intrinsically related to understanding the spatial and temporal dynamic of fire events [11]. This is crucial because it helps underlining fire regime parameters [9,10,18,19,20], which can help to determine the threshold on whether fires become a positive or negative factor to the ecosystem [11]. These parameters include the frequency, intensity, and timing of fires in a given period and location [11,19,20,21]. However, fire regimes are dynamic due to factors such as changing climatic conditions and human interventions [20]. Systematic studies that use both field-based and remote sensing approaches to analyze long-term spatio-temporal fire incidences in the miombo region are limited [9,22,23]. This scarcity is further evidenced by the lack of validated statistics on burned areas and fire contributions in the Mozambique Fire Reference Emission Level report for the period 2003–2013 [24].



We performed a spatio-temporal analysis of wildfire incidences using the Moderate Resolution Imaging Spectroradiometer (MODIS) data in the LevasFlor Forest Concession (LFC), Central Mozambique. The LFC was chosen for several reasons, including its extensive dense and open Miombo areas, rich in plant species and characterized by fast plant growth rates [2,25], resulting in a high accumulation of biomass in the form of dry matter. This high biomass accumulation may favor the occurrence of intense and frequent fires [17,26,27]. Moreover, the concession possesses comprehensive records of fire occurrence, facilitating accurate assessment and validation of the MODIS fires products used in this study [28].



The launch of the MODIS sensor on the Terra and Aqua satellites between 1999 and 2002 opened a new perspective on monitoring and detecting fires [29,30]. The MODIS sensor’s wide temporal coverage makes it ideal for studying historical fire regimes [29,30]. Moreover, MODIS has a unique ability to monitor fires by providing several exclusive products such as the MCD14ML (active fire product) and the MCD64 (burned area product) to detect fire activities daily, monthly, and annually with a decent pixel resolution of 500 m or 1 km [18,31,32]. It has special channels with high saturation in the wavelengths of 4 μm and 11 μm at temperatures of about 400 to 500 K [26]. This capability, coupled with its global coverage and daily data acquisition, has made MODIS the standard sensor for monitoring fires at regional and global scales [8,32,33].



The extensive use of the MODIS active fire product (MCD14ML) and the burned area product (MCD64) in this research is well-justified. These products are crucial for locating and mapping burned areas in the LFC, including spatial and temporal fire regimes, patterns, distribution and other fire-related characteristics [10,32,34]. This study aimed to answer the following research questions: (1) how is fire distributed in space and time throughout the assessment period of 21 (2001–2022) years, (2) what is the fire regime (seasonality, frequency, intensity, fire return interval, and density) in the area, and (3) how are environmental factors related to fire distribution in the area? This research seeks to provide actionable insights that will contribute to the improved management and conservation of Miombo woodlands in Africa.




2. Materials and Methods


2.1. Study Area


This study was conducted within the LFC, a privately managed forest area (~46,000 ha) located in the Sofala Province, between the Cheringoma and Muanza Districts in Central Mozambique (Figure 1). The study area is characterized by Miombo woodlands mixed with riverine forests. It lies between latitude −18.5819 (S) and longitude 34.9738 (E) in the North, and Latitude −18.8353 (S) and 34.9145 (E) in the South [35]. The area has a topographical elevation of nearly 200 m above sea level and is home to approximately 672 inhabitants distributed among five communities (Figure 1). Human settlements in LFC area include Condue (Nhandima), Nhaminhanha, Chinapamimba, and Maciambose villages. Hunting and agriculture have historically been the primary subsistence activities in the area [35].



According to the LFC’s forest management plan [35], fire management is addressed by the following actions conducted annually: creating awareness against practices resulting in uncontrolled burning in the villages surrounding the concession, opening and maintaining fire breaks before the dry season, and conducting cold burning in the peripheral area of the concession, starting from December to June. The plan also emphasizes activities in fire monitoring conducted by the on-ground team (involving permanent rangers), fire monitoring towers, and near-time fire alerts from remote sensing.




2.2. Data Collection and Acquisition


2.2.1. MODIS Products


We acquired the daily MCD14ML Active Fire Product and the monthly MCD64 Burned Area Product derived from the MODIS sensor for 21 years (2001–2022). The former product was accessed from http://modis-fire.umd.edu/ (accessed on 29 May 2023), while the latter was sourced through the methods described in Giglio et al. [31]. MCD14ML is a daily MODIS sensor product aboard the Aqua and Terra platforms, developed to locate active fires at a 1 km spatial resolution for each satellite path [29,34,36,37]. This product contains the geographic location, date of active fire record, the fire’s radiative power (FRP), and the sensor’s confidence level when recording each active fire [31]. MCD64 is one of the most optimized algorithms for mapping burned areas provided by the MODIS Aqua and Terra platforms [31]. The algorithm delineates burn scars with a spatial resolution of 500 m and a monthly temporal resolution. Monthly MCD64 products were cropped to reflect the LFC extent, re-projected to the appropriate geographical coordinate system for the region (UTM Zone 37S Datum WGS 1984), and geo-processed to accommodate different outputs required for subsequent analysis of fire regime parameters [31]. MODIS active fire products were screened to select active fires located in the Miombo and exclude non Miombo fires in the LFC during the study period, such as non-vegetation active fires (e.g., domestic burning, management burning, agricultural fires) [18,38]. This screening process was also a part of the validation for active fire products, ensuring that the target was focused on active fires that were actually vegetation fires [18,37]. By making use of the intersect tool to exclude non-forest fires, we superimposed land cover and MCD14ML in a geographic information system. All hotspot layers that intersected non-land cover layers were promptly excluded. We also performed the screening based on the sensor’s confidence level in detecting fires. The confidence level can be found in the attribute table of the MCD14ML shapefile. Only active fires with an 80% confidence level of the sensor were selected, as proposed by Gajović and Todorović [18].




2.2.2. Land Cover Data, Climate Data and Complementary Geographic Data


A validated land cover (LC) map was freely accessed through a geospatial database released by the Monitoring Report and Verification (MRV) department under the National Fund for Sustainable Development of Mozambique website (Figure 2). A description of this map can be found in FNDS [39]. The LC map was used to understand fire dynamics in the region, as vegetation is a key factor for fire occurrence analysis [19,20,21]. The LC names adopted in this manuscript are modifications of the LC names on the original map from the website. We performed these modifications based on the training data collected during the fieldwork. This allowed us to match the names from the map with the corresponding Miombo woodland types according to our field observations. We overlaid the national land cover map with the LFC boundary shapefile to identify LC types using remote sensing techniques [40]. Accordingly, seven cover types were identified: Open Deciduous Miombo (ODM), Close Deciduous Miombo (CDM), Semi Deciduous Miombo (SDM), Evergreen Miombo with Riverine forest (EGM), Grassland, Shrubby Miombo (SM), and Temporary Flooded Grassland (TFG). For this study, we only considered ODM, CDM, SDM, EGM and SM because these are the Miombo types encountered in the region. We excluded TFG and Grassland because the focus of our study is on Miombo.



The drivers of fire regime are linked to climate data, such as temperature, humidity, wind speed, and rainfall, which vary over and within years [19,20,21,29]. To understand how climate is related to fires in the LFC, we downloaded historical climate data in text format from https://power.larc.nasa.gov/data-access-viewer/ (accessed on 14 March 2024). The downloaded information included the average monthly and annual temperatures (°C), humidity (%), precipitation (mm), and wind speed (m/s) from 2001 to 2022. We obtained the data using seven random points (coordinates) representing the northern, northwestern, northeastern, southern, southeastern, southwestern, and central regions of the study area. Subsequently the daily climate data were converted to monthly and annual means for the analysis of fire occurrence dynamics in the LFC.



We also used complementary geographical data comprising LFC boundary shapefiles, such as rivers, roads, and local community locations, as inputs for GIS analysis. GPS burned area tracks (shapefile) collected on the ground were used for the validation of MODIS fire products (see details in Section 2.3.7).





2.3. Data Analysis


2.3.1. Fire Frequency and Fire Return Interval


Fire frequency (FF) is the number of times a pixel burned consecutively during the 21 years of study [9,10,29]. To complement the fire frequency analysis, we computed the mean fire return interval (FRI), which is the inverse of FF [10]. FRI is described as a fire’s time to reoccur at a particular site [9,23,34]. Monthly MCD64 data were merged and summed in GIS to generate annual burned area maps. We used the overlay technique and the map algebra tool (raster calculator) in GIS to calculate annual burned area layers and generate the FF map. Additionally, we classified the FF map into five classes to generate the FRI map for the LFC during the study period. The FRI map observed the following thresholds defined according to studies on fire incidence in Miombo such as Ribeiro [9,10], Archibald et al. [20] and Magadzire [26]: very low (>10 years), low (6–10 years), moderate (4–6 years), high (2–4 years), and very high (<2 years). To compute FF, the following equation [11] was used:


   FF =       ni   Ni       ×   100   



(1)




where FF represents fire frequency, ni equals the number of fire points in the study area and Ni is the total number of fires.



FRI was computed as proposed by Nieman et al. [34]:


   FRI =     y   (   b   a   )     



(2)




where FRI is the fire return interval in years, y is the number of years with fire records (21 years in this study), b is the extent of all fires over y years, and a refers to the area (46,000 ha) over which fires were recorded.




2.3.2. Fire Seasonality


We performed a seasonal assessment to evaluate intra-annual fire dynamics. We considered the late dry season (September up to October), early dry period (May to August) and the early rainy season (mid to late November up to December) for this assessment. These seasons are mentioned in Miombo fire regime-related studies by Ribeiro et al. [9], Ribeiro [10], Scholes and Andreae [12], Sinha et al. [13], Archibald et al. [20], Magadzire [26], and Zolho [27]. The MODIS Active fire data archive provides descriptions for the acquisition date of each fire. Burned area data are also offered in monthly grids. This information was combined to group fires according to the month of occurrence, which can be described as fire seasonality.




2.3.3. Fire Intensity


Active fires with an 80% confidence level were used to extract the fire radiative power (FRP). This variable has a linear relationship with fire intensity [38,41,42]. This is because FRP is mathematically calculated as the ratio between the brightness temperature of the fire and the background temperature of the pixel in the mid-infrared region, as described in Equation (3) [30,42,43]. Therefore, FRP was used to quantify the intensity of radiant heat detected by the MODIS products [18,34]. We calculated the mean FRP for each month in each year assessed and then extracted the data for further analysis. FRP is computed as follows [30,34].


   FRP = 4.34   ×    10  − 19   − (   T   MIR   8       –     T   bg MIR   8    )  



(3)




where FRP is the rate of radiative energy emitted per pixel, 4.34 × 10−19 (MW km2 Kelvin8) is the counter derived from the simulations, TMIR is the temperature of the radiative glow of the fire component, Tbg MIR is the non-fire neighboring background component and MIR refers to the infrared wavelength which is typically 4 µm.




2.3.4. Fire Incidence and Land Cover


The burned area and land cover shapefile were overlaid using interpolation techniques in GIS to generate the fire incidence statistics by land cover type in the LFC. This technique allowed us to identify the vegetation types with the most affected fire frequencies during the 21 years assessed.




2.3.5. Fire Hotspot Analysis


To analyze how fires were distributed in the region, hotspot analysis was conducted based on the Getis-Ord G* statistic [18,19,43,44]. For the dispersion and trend of fire occurrence data in clusters, spatial autocorrelation was performed in GIS. The hotspot analysis capabilities in ArcMap 10.5 were used to carry out the Gi* computations (Equation (4)). The Getis-Ord G* analysis estimates z-scores and p-values, which are important for drawing reliable conclusions [45]. Higher z-scores and lower p-values (Table 1) are reported in densely clustered fire patterns, whereas lower z-scores and lower p-values are found in highly scattered fire patterns [43,44,45,46]. The clustered pattern becomes less noticeable as the z-score approaches zero.


   Gi * =       ∑   j = 1    n      w    i , j        x   j   − Ẍ   ∑   j = 1    n      w    i , j            n   ∑   j = 1    n       w 2     i , j     − (    ∑   j = 1    n        w    i , j    )   2          n  − 1     s       



(4)




where i is the subject feature, xj is the attribute value for the neighbor feature j, and wi,j is the spatial weight between subject i,j and n is equal to the number of features.




2.3.6. The Influence of Environmental Factors on the Occurrence of Fires


We investigated the relationship between climate data (precipitation, temperature, relative humidity, wind speed) and fire incidences (monthly burned area and active fires) using simple regression, as earlier studies indicate climate data as one of the main factors influencing fire dynamic [20,34,43]. This assessment helped us understanding how climate might explain the monthly variation of BA and AF in the LFC. Thus, we considered the dependent variables, the monthly BA and the monthly AF, while the climate data were considered the independent variables. The coefficient of determination (R2), residual distribution, and standard error were calculated to determine how well each independent variable could explain the variation of the dependent variables at a 95% confidence level.




2.3.7. Validation of the MODIS Products


For the validation of the MODIS burned area product, and active fire product we applied an accuracy assessment analysis based on the confusion matrix. A confusion matrix, also known as an error matrix, is a method consisting of comparison of a remote sensing map, also known as classification map with a reference map, also considered as the ground truth [26]. This comparison allows to assess how classification map matches the ground truth [33]. We validated the classified burned area map by using Landsat series multispectral images combined with GPS burned area tracks collected on the ground. We could not access ground truth data to validate all 21 years accessed. For this reason, we combined both Landsat and data from LFC archive for conducting the assessment using available information from both sources. Thus, for this accuracy assessment we evaluated burned area data from 2017, 2018, 2019, 2020, and 2021. Detailed descriptions on the use of the Landsat multispectral images to validate MODIS burned area product MCD64 can be found in Giglio et al. [31] and Araújo et al. [33]. We downloaded the Landsat images for months with fire occurrence. We observed some missing data for both Landsat and LFC archive. We further discarded Landsat images with high percentage of clouds, because it was difficult to detect the burning scars. We used the ArcMap 10.5 software to combine bands in order to detect burn scars (Figure 3). The correct band combination included the visible, NIR and MIR as 7-4-2 [33,40]. Following band combinations, we digitalized the burn scars, and extracted shapefiles to compute the burned area in GIS.



Several variables were computed to construct the confusion matrix. Each of these variables represents a measurement of accuracy assessment according to Magadzire [26]: the Error of Omission (EO), which indicates the percentage of missed classification compared with the ground truth; the Error of Commission (EC), which indicates over-estimated classifications compared with the ground truth; the Producers Accuracy (PA), which refers to the proportion of reference data in a specific classification category, correctly classified; Consumers Accuracy (CA), the proportion of the classification area in specific category, correctly classified in the reference data; and Kappa coefficient (K), which measures the level of agreement between the classification map and the ground truth. We calculated K using the following formula:


  K =     observed   value   −   expected   value     1 − expected   value      



(5)




where observed value is equivalent to overall accuracy, and expected value is based on the chance agreement between the map under evaluation and the reference map. The expected value is computed as products of row and column values of a class in the confusion matrix [40]. The Kappa index values are classified as K < 0.0 (low agreement), 0.0–0.20 (poor agreement), 0.20–0.40 (moderate agreement), 0.40–0.60 (good agreement), 0.60–0.80 (very good agreement) and 0.8–1.0 (excellent agreement) [26,33].






3. Results


3.1. Annual Fire Incidence


Our results on the burned area (BA) and active fire (AF) showed that around 88% (40,510 ha) of the LFC area experienced at least one instance of burning during the study period of 21 years. This resulted in a cumulative total BA of approximately 214,130 ha and 1527 AF, with an annual average of 9733 ha of BA and 69 AF. The annual BA varied from a minimum of 1547 ha (2022) to a maximum of 19,839 ha (2008), while the annual AF varied from a minimum of 32 detections (2022) to a maximum of 160 detections (2015). Figure 4 summarizes the annual statistics for BA and AF, indicating cyclic peaks (2001, 2003, 2005, 2008, 2012, 2015, and 2020) and valleys (2002, 2004, 2006, 2011, 2018, and 2022) of fire occurrences. Years with lower fire incidence were typically followed by higher fire incidences within three to five years.



There was also a significant convergence between the distribution of the burned areas and clusters of active fires, indicating a positive and statistically significant correlation between these two variables (R2 = 0.51, p < 0.00001; Figure 5).



The monthly statistics for BA and AF are presented in Figure 6. The peak for both variables was observed in September (BA = 93,338 ha, AF = 606 fires), while the lowest values were observed in June (BA = 902 ha, AF = 4 fires). Late dry season fires accounted for 81.1% of BA and 78.1% of AF, followed by early dry season with 4.5% of BA and 6.2% of AF, and lastly, the early rainy season, which accounted for 14.2% of BA and 0.9% of AF.




3.2. Environmental Factors Explaining Burned Areas and Active Fires


The BA and AF varied significantly with some climate variables (p < 0.01). The mean temperature and the precipitation revealed a very weak capacity to explain the variations in BA and AF. However, humidity and the wind speed had a better explanatory capacity for BA and AF (Figure 7).




3.3. Fire Intensity


Fire intensity varies significantly (p < 0.05) and resembles fire seasonality, whereby fire intensity was low in the early dry season (mean = 20.6 MW), high in the late dry season (mean = 59.9 MW), and moderate in the early rainy season (mean = 48.67.1 MW) (Figure 8). Throughout the 21 years assessed, it was observed that fires were more intense in 2008 (sum = 5285.9 MW) and 2016 (sum = 3538.4 MW), and less intense in 2018 (sum = 412.6) and 2022 (sum = 646.3 MW). On a monthly basis, September and October experienced the hottest fires (Mean = 60.9 MW, Max = 179.5 MW and Mean = 58.1 MW, Max = 175.9 MW, respectively), while June had the lowest fire intensity (20.9 MW). These results demonstrate that fire intensity was proportionally related to the dry season.




3.4. Fire Frequency and Density from 2001 to 2022


The FF map in Figure 9 reveals that over the 21-year period (2001–2022), the FF in the LFC comprises very low (34%), low (30%) and moderate (20%) frequencies. High frequencies (2–4 years frequency) affected 13% of the pixels, and only 3% of the pixels experienced very high FF (<2 years). The overall average FRI for the entire study area was 4.43 years.




3.5. Fire Incidence and Land Cover


By intersecting the LC map with the BA map, it was observed that Open Deciduous Miombo (ODM) comprised approximately 35% of the BA, followed by Semi-Deciduous Miombo (25.1%) and Shrubby Miombo with 14.4% of the BA (Figure 10). These three LC types combined accounted for 74.4% of the BA. The remaining LC types, namely Evergreen Miombo and Close Deciduous Miombo, accounted for 15.7% and 9.9% of the BA, respectively. As indicated, fires in the LFC were more likely to occur in ODM. This prevalence is primarily due to the extensive area occupied by this LC type (Figure 2), which is bigger than the other land cover types.




3.6. Hotspot Analysis of Active Fires


The Getis-Ord Gi* analysis indicated that there was less than a 5% chance that the fires in LFC occurred by chance over the 21 years. Fires were distributed in clusters (Figure 11). The hotspot locations (z-score > 2.58, p = 0.01) coincided with areas of high FF. Conversely, regions with cold hotspot (z-score < −2.58, p = 0.01) corresponded to areas with the lowest FF (Figure 11).





4. Discussion


4.1. Fire Incidence in LFC


We observed oscillating patterns in terms of inter-annual fire incidence in the LFC (Figure 4). Findings from other studies such as Ribeiro [10] and Archibald et al. [20] suggest that this pattern could be related to biomass flux over the years of fire occurrence. The studies by Ribeiro [10], Magadzire [26], and Cangela [23] noted that the years most affected by burning, with a greater extent of the burned area, are followed by years with a low incidence of burning, likely due to the reduction in available biomass for burning. Notable picks in BA and AF were observed in 2005, 2008, 2015 and 2016. It is noteworthy that 2008, 2015, and 2022 were the warmest years since the pre-industrial era according to the World Meteorological Organization (WMO) [47]. Which can be an explanation of the high fire incidence observed in this years, but we did not test this relationship.




4.2. Fire Seasonality


Fires in the LFC comply with the dry season, beginning in June, increasing in September and October, and ending in December. These results provide clear evidence that fire occurrences are significantly associated with the increase in the dry season. These results are consistent with similar studies conducted in the Miombo woodland region, such as Naftal et al. [32] and Mpakair et al. [36]. A study conducted in Miombo by Sinha et al. [13] stated that a peak of fires was achieved from July to September. However, the main reason why fires occurred more frequently during the dry season was due to the decrease in humidity and increase in wind speed (Figure 7). Overall, humidity and wind speed show a better capacity to explain the variation of BA and AF. However, temperature and precipitation poorly explained the BA and AF (Figure 7). Findings from other studies, such as Kumar and Kumar’s [43], Dahan et al. [29] and Nieman et al. [34], indicated contrary results, whereby these factors are better correlated with BA and AF. We recommend further research on the correlation of climate data and BA and AF in LFC using data from local meteorological stations.



Supporting this observation, Ribeiro et al. [9] have identified that fires in the dry season are particularly destructive; not only due to their intensity (Figure 8) but also because their timing coincides with the period when woody plants have the lowest moisture content and leaves have senesced [48]. This condition increases the biomass as dry matter and facilitates greater thermal conductivity and a faster transfer of heat into plant tissues [48]. As highlighted in Figure 7, this pattern is observed because precipitation reduces the likelihood of fires [43] by decreasing the flammability of the combustible material [20].




4.3. Fires Incidence and Land Cover


The land cover type also plays a significant role in fire incidence in the LFC. Results illustrated in Figure 10 demonstrated that fires mostly affected the deciduous and relative open Miombo types, such as ODM, SDM and SM, while CDM and EGM were less affected by fires. According to Cangela [23], the unique combination of grass and tree structures in this Miombo category creates an appropriate environment for the ignition and spread of intense fires. The CDM and the EGM showed the least burned area over the 21 years assessed, as the moisture levels in closed forests are high and oxygen levels are low, which limits the spread of fires. However, some fires in impenetrable EGM canopy may not be detected by satellite imagery, as these fires are often superficial [26]. Also, it acknowledges that MODIS pixels’ spatial resolution might exclude small fires, this may be a reason to recommend further studies to apply remote sensing data (e.g., Sentinel mid-resolution images) that can detect small fires [49,50]. In contrast, although closed and evergreen Miombo had significant potential for fires in terms of fuel load, the spread of fires was limited due to moisture content in the fuel material, a high percentage of relative humidity, less wind speed, and lower temperature, as described by Archibald et al. [20], Kumar and Kumar [43], and Nieman et al. [34].




4.4. Fire Frequency and Return Interval


Although the overall FF in the area is within 4 to 22 years (84% of the area is affected either by low, very low or moderate FRI). We observed that 16% of pixels burnt within 1 to 4 years (high to very high FRI). High FRI raises the potential for fires to harm the ecosystem. Conducting a detailed study to evaluate the response of Miombo plant species to different FF is essential. The annual occurrence of fires is also a relevant indicator to assess whether fires in Miombo are a significant source of GHG emissions or not. Thus, a detailed study on this subject in the LFC is also recommended. As observed by Ryan and Williams [22], FF may not be a problem for forest management in the LFC since, according to the same authors, frequent fires might not necessarily mean significant destruction for the ecosystem. However, for Kall [6] and Magadzire [26], intense fires are the real problem, since intensity increases the potential of disturbance from fires. Fires in the region can be highly intense compared to the studies conducted in Miombo, such as Nieman et al. [34], which may be due to the high level of biomass accumulated in the region in the form of dry matter [5]. Thus, it is important that management activities keep focusing on reducing fire intensity rather than FF, which is proven to not be a problem for the region.



The FF findings in this study are in line with findings from other studies conducted in similar ecosystems. For example, the studies by Archibald et al. [20] referred to the average FRI in savannah and grassland ecosystems, which include Miombo woodlands, ranging from 1.7 to 10 years. Ribeiro et al. [9], Ribeiro [10], Cangela [23], Saito et al. [51], Lourenço et al. [52], Van Wilgen [53] have reported that the FRI for Miombo ranges between 1.6 and 4.5 years. Thus, the FRI of 4.43 found in this study is considered to be within the common range for miombo woodland and it is classified as moderate, as stated by Magadzire [26]. According to Archibald et al. [20], FRI variations are related to factors like precipitation and human activities in the region. For example, in semi-arid savannas where there is less rainfall, FRIs can extend up to 50 years [15]; whereas in humid savannas like the humid Miombo, FRI can vary between 1 and 10 years based on the studies previously mentioned.




4.5. Hotspot Analysis


The spatial distribution of fire hotspot in the LFC, highlighted in Figure 11, shows a tendency for fires to occur in areas with high anthropogenic influences, such as proximity to roads, residential settlements, hunting, and agricultural areas. Notably, this suggests that there might be a correlation between the extent of burned areas and population density. This relationship should be part of future studies theme in LFC. However, other studies in the region conducted by Buramuge et al. [17] and Zolho [27] further support the conclusion that fires in the region are predominantly man-made, as they found a high correlation between fires and anthropogenic areas near settlements.




4.6. Accuracy Assessment of MODIS-Derived Burned Area Maps


The use of MCD64 and MCD14ML proved advantageous since the fire history was properly evaluated with these data. It is important to note that the combination of the MCD14ML and MCD64 products provides added value, as it allows for greater scope in the identification of fire outbreaks. In other words, both products complement each other, and the global accuracy test proved good agreement between MODIS-derived maps and the ground truth data (Kappa index value of 58%). The overall accuracy of the classification (P0 = 80.4%) indicates that the mapping of burned areas and fire hotspots using MCD46 and MCD14ML in this study closely matches field observations. However, it is estimated that 8% of the burned areas were not detected (omission errors), and an additional 12% were incorrectly identified as burned (commission errors).



The omission errors could be attributed to the MODIS sensor’s limitation in detecting burnings smaller than 500 m2 [26,50]. Alternatively, these errors might also arise from the MODIS sensor’s capacity to provide only single pass data per day [18,38,54], potentially missing fires that occurred after the satellite’s pass. Moreover, in equatorial regions, the orbital path of the sensor may only allow for observation once every two days [50]. Omission errors are likely due to the convergence of orbit bands at high latitudes, increasing the possibility of multiple detections of the same fire. Furthermore, the combined use of Terra and Aqua satellites can lead to repeated detections of the same fire in high-latitude areas [30].





5. Conclusions


The presence of fires in the Miombo woodlands is an undeniable ecological factor. However, their incidence and impact on this ecosystem are not well understood. This research provides a robust 21-year evaluation of the spatio-temporal fire regime and patterns in Miombo woodlands, specifically focusing on the 46,000 ha LevasFlor Forest Concession (LFC) in Central Mozambique. We used MODIS datasets, including the burned area product (MCD64) and the active fire product (MCD14ML), to characterize fire regimes, dynamics, and spatial patterns essential for understanding and managing fires in this ecosystem. Our findings highlight the critical role of remote sensing in enhancing fire management strategies and improving knowledge of fire dynamics across the vast Miombo woodlands in central Mozambique and African savannas. It also provides a perspective on the effectiveness of fire management practices in the LFC area. Despite the low frequency of fires, their annual occurrence in the LFC represents a potential risk to the perpetuity of the ecosystem. The LFC managers can significantly improve their fire management strategies by focusing on the regions identified as fire hotspots, as these are potential sources of fire outbreaks. Fire intensity in the region is relatively high, campaigns of cold burning as a fire management action are highly recommended as they prevent destructive fires. The low fire frequency observed in the study area suggests that plant species may be resilient to fire. However, the potential impact of fires on greenhouse gas (GHG) emissions remains unclear. Therefore, further research on the ecological responses to different fire frequencies and the impact of fires on GHG emission in the region is recommended for future studies.
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Figure 1. Geographic location of the study area within the LevasFlor Forest Concession, Central Mozambique. 
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Figure 2. Land cover map showing different miombo types in the LevasFlor Forest Concession, Central Mozambique available at the Geospatial MRV platform, at https://www.arcgis.com/apps/webappviewer/index.html?id=1e201cf974584b38ac5dd92b005c99a (accessed on 6 September 2023). 
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Figure 3. Band combination (7-4-2) before and after fire occurrence captured in May 2015 (a) and in September 2015 (b), in the LevasFlor Concession, Central Mozambique. 
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Figure 4. Inter-annual variation of burned area and active fires from 2001 to 2022 in the LevasFlor Forest Concession, Central Mozambique. 
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Figure 5. Relationship between the number of fires and burned area detected from 2001 to 2022 in the LevasFlor Forest Concession, Central Mozambique. 
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Figure 6. Monthly variation of burned areas and active fires from 2001 to 2022 in the LevasFlor Forest Concession, Central Mozambique. 
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Figure 7. Relationship between the average monthly-burned area, active fires and the mean temperature, relative humidity, average monthly precipitation, and wind speed in the LevasFlor Forest Concession, Central Mozambique. 






Figure 7. Relationship between the average monthly-burned area, active fires and the mean temperature, relative humidity, average monthly precipitation, and wind speed in the LevasFlor Forest Concession, Central Mozambique.



[image: Fire 07 00264 g007]







[image: Fire 07 00264 g008] 





Figure 8. Monthly variation of fire intensity (fire radiative power) in the LevasFlor Forest Concession, Central Mozambique. 
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Figure 9. Mean fire return interval map for the period 2001 to 2022 in the LevasFlor Forest Concession, Central Mozambique. 
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Figure 10. Cumulative (2001–2022) burned area (blue) in comparison to the land cover area (orange) in the LevasFlor Forest Concession, Central Mozambique. 
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Figure 11. Fire hotspot and coldspot clusters in the LevasFlor Forest Concession, Central Mozam-bique. 
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Table 1. Hotspot and coldspot Gi* score values and confidence from cluster analysis during 2001–2022 in LevasFlor Forest Concession, Central Mozambique.
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	Cluster Type
	Gi* z-Scores
	Confidence (%)





	Hotspot
	>1.65
	90



	
	>1.96
	95



	
	>2.58
	99



	Cold spot
	<−1.65

<−1.96
	90

95



	
	<−2.58
	99
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