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Beyond Climatic Variation: Human Disturbances Alter the Effectiveness of a Protected Area to Reduce Fires in a Tropical Peatland
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Fire is considered a major threat to biodiversity in many habitats and the occurrence of fire has frequently been used to investigate the effectiveness of protected areas. Yet, despite the known importance of tropical peatlands for biodiversity conservation and serious threat that anthropogenically induced fires pose to this ecosystem, the influence of protected area designation on fire occurrence in tropical peatland has been poorly assessed thus far. Our study addresses this knowledge gap through providing a novel assessment of fire patterns from a tropical peatland protected area and surrounding landscape. We investigated the importance of both climatic factors (top-down mechanism) and human interventions (bottom-up mechanism) on fire occurrence through analyzing 20-years (2001–2020) of LANDSAT and Moderate Resolution Imaging Spectrometer (MODIS) images of the Padang Sugihan Wildlife Reserve and a 10-km buffer area surrounding this in Sumatra, Indonesia. Fire density was assessed in relation to road and canal construction. Monthly and annual precipitation was compared between wet and dry years. The reserve was effective in limiting fire compared to surrounding landscapes only in wet years. We revealed that peat fire occurrence in the protected area and buffer zone was not due to climatic factors alone, with distance from canals and roads also contributing toward fire occurrence. Our results suggest that it is essential to address tropical peatland fire processes at a landscape level, particularly at the surroundings of protected areas, in order to increase the effectiveness of fire protection, improve fire risk classification maps, and conserve threatened tropical peatland wildlife such as the Sumatran elephant.
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INTRODUCTION

Fire has a long historical relationship with humans and, as such, human use of fire has contributed toward shaping landscapes for millennia (Daniau et al., 2010). While fire may be a regular natural event that is important in maintaining the characteristics and properties of some ecosystems (e.g., African savannah/similar: Stocks et al., 1996; Van Wilgen, 2009), in other ecosystems, natural fire events occur only rarely or are absent, and the introduction of fire by humans may therefore create substantial damage from which recovery can be prolonged (e.g., tropical peatlands: Page et al., 2009; Cole et al., 2015). Fires are frequently therefore used as an indicator to evaluate the effectiveness of protected area management (Adeney et al., 2009; Rodríguez et al., 2013). Common approaches to manage fire in protected areas include employing active fire management or prescribed burning to reduce fuel availability for preventing and controlling wildfire as well as managing invasive species (Van Wilgen, 2009), however, this approach is not appropriate for other ecosystems such as peatlands where fire is not a natural event.

Anthropogenic and natural factors lead to different patterns of fire occurrences in relation to the presence/absence of protected area across various ecosystems. For example, fire density was found to be two times higher in non-protected areas than within protected areas in Myanmar (Biswas et al., 2015) and Amazonia (Adeney et al., 2009). In contrast, natural mechanisms caused higher fire density in protected areas than in non-protected areas in West and Central Africa (Grégoire and Simonetti, 2010). More fires occurred in 59% of this area where deforestation rates dropped between 2000 and 2007, because more fuel was available for ignition (Aragao and Shimabukuro, 2010). Here, controlled ignition and active fire management are required to mitigate fuel availability. More generally, the effectiveness of reserves in reducing fire-driven deforestation has been shown to be linked to anthropogenic factors, including reduced road construction and human impact on area occupancy (Adeney et al., 2009) as well as implementing fire-free land management strategies (Aragao and Shimabukuro, 2010).

Fire is a critical issue in contemporary tropical peatland management, especially in Southeast Asia, but rarely occurred in this habitat until the last 3,000 years as anthropogenic factors began to have a greater influence on these peatland areas (Hope et al., 2005; Cole et al., 2015). Peatlands are particularly vital ecosystems in Indonesia, which has the largest peatland area in Southeast Asia, covering 18–20 million hectares, or 10% of the terrestrial area, storing vast quantities of carbon, and significantly contributing to primary sources of wood and livelihood for local people (Miettinen et al., 2013).

In the last two to three decades, fire has become an increasingly critical concern in the tropical peatlands of Southeast Asia and Indonesia in particular, with a drastic shift in peatland dynamics, from being a frequently inundated, moist and therefore fire-resistant ecosystem into an increasingly human-altered, drained and thus fire-prone ecosystem (Langner et al., 2007; Putra et al., 2008; Miettinen and Liew, 2010; Miettinen et al., 2012). This ecosystem change and consequent increase in fire prevalence and severity have important consequences for public health, local economies, carbon emissions, and biodiversity conservation (Page et al., 2004; Harrison et al., 2009; Posa, 2011). The recent fires of 2015 in Indonesia were the most severe since the 1997 megafires and almost the whole Sumatra island was engulfed by smoke, with South Sumatra province holding the second highest number of hotspots amongst the Indonesian provinces during 2015 (Atwood et al., 2016). In Sumatra, the combination of deforestation from adjacent areas (Imron et al., 2011; CIFOR Forests News, 2014), plus fire associated with the construction of roads (Linkie et al., 2004), rapid expansion of palm oil plantations, and land preparation (Field et al., 2009) has significantly increased threats to protected areas and thus for biodiversity conservation, in particular for forest dependent species. Fire in Indonesian peatland has been intensively studied through the use of remote sensing data to predict fire effects (Yeager et al., 2003; Ballhorn et al., 2009; Elvidge et al., 2015), investigate ignition sources (Cattau et al., 2016), causes of fire (Shiodera et al., 2012; Hayasaka et al., 2016), peat hydrology (Jaenicke et al., 2010), fire database management (Field et al., 2015), effect of fire on bio-physical attributes (Yeager et al., 2003; Spessa et al., 2009; Brown et al., 2015), and peat restoration planning (Jaenicke et al., 2010). Nevertheless, studies on the effectiveness of protected areas in reducing tropical peatland wildfire are still limited. This therefore represents an important information gap, given the priority assigned to expanding protected area coverage both globally (Open-Ended Working Group On The Post-2020 Global Biodiversity Framework, 2021) and within tropical peatland nations such as Indonesia (Presiden Republik Indonesia, 2016). In particular, the patterns and causal factors of fire in a protected area might help reveal more information to guide effective tropical peatland fire management, with current studies often overlooking the importance of peatland protected areas on reducing fires in the landscape.

With this in mind, we aim to gain insight into the patterns and causal factors of fires within and surrounding the Padang Sugihan Wildlife Reserve (PSWR), a protected tropical peatland area in South Sumatra, Indonesia, which is dedicated for biodiversity conservation. We observed fire occurrence data over a 15-year period to provide a basis for evaluating the effectiveness of peatland protected areas in reducing fire incidence compared to the surrounding landscape, and in so doing provide insight into the effectiveness of this strategy for reducing the current and potential future impacts of tropical peatland fire on local biodiversity and human communities.



MATERIALS AND METHODS


The Study Area

Padang Sugihan Wildlife Reserve is a protected area managed by the South Sumatra Natural Resources Conservation Agency (Balai Konservasi Sumber Daya Alam/BKSDA), Ministry of Environment and Forestry, Republic of Indonesia. This reserve aims to protect the remaining Sumatran elephant (Elephas maximus sumatranus) populations in the province. PSWR occupies an area of 881 km2 which is dominated by tropical peatland (Nash and Nash, 1986; Sumsel, 2021). Sugihan River lies to the west of the reserve, while Padang River serves as the border to the east. To the south of the reserve, lies Butung River and a canal has been built to the north (Figure 1). Administrative boundary maps of South Sumatra1 and PSWR maps were used in this study and obtained from BKSDA Sumatera Selatan2 in 2015.
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FIGURE 1. Map of study area as of 2015, showing the canal and road networks within and surrounding Padang Sugihan Wildlife Reserve (PSWR) and the presence of settlements within a 10 km buffer of the reserve.



Fire Detection and Environmental Studies

We used Active Fire data provided by the Moderate Resolution Imaging Spectrometer (MODIS) satellite to document hotspot prevalence over time in the study area.3 MODIS provides the geographical position of fires within 24 h of monitoring (Grégoire and Simonetti, 2010) as well as the 1–2 days return interval which is useful to monitor the change of fire occurrence at any given location (Willis, 2015). We selected MODIS active fire data for the period between 2001 and 2020 with a confidence level of 80%. Since rainfall and thus fire prevalence in Indonesia is heavily influenced by the El Niño Southern Oscillation (ENSO), we categorized the fire data as falling with periods of La Niña, El Niño or Neutral conditions, based on the Oceanic Niño Index (ONI) as per NOAA (2021) following https://ggweather.com/enso/oni.htm.

To compare fire occurrences within and surrounding the reserve, we calculated the number of hotspots within the reserve and within 10 km surrounding its border (Figure 1). A buffer zone of 10 km was chosen because it is equal to the longest distance from the border to the reserve center point (Figure 1) and is a distance commonly used to assess protected area effectiveness (Joppa et al., 2009). The total buffer area was 1,764.417 km2, which combined with the area of the PSWR (878.596 km2), yielded a total study area of 2,643.013 km2. We divided this study area into 1 × 1 km2 grid cells to identify whether fires can occur in the same area, with recurrent incidences of fire in the same cell over the observation period are classified here as a repeat fire.

To understand the impact of the reserve border on fire density, we compared fire frequency within the reserve and within 1 km distance bands in the surrounding buffer zone. We used the buffer function from ArcGIS 10 to measure fire density in each distance interval. The distribution of fire for the period 2001–2020 was calculated using the Kernel Density Estimation method within ArcGIS 10. The period 2001–2020 was important for the region due to a high fire incidence.

To understand the influence of precipitation on fire occurrence, we obtained rainfall data during 2001–2020 from the nearest weather station, at Sultan Badaruddin II Airport4 in Palembang (±45 km from the PSWR). To test the relationship between monthly precipitation and number of rainy days on fire occurrences, we performed Spearman correlation tests using data from fire occurrence months (August, September, and October) across the study period.

The influence of presence of roads and canal systems within the reserve and surrounding areas was ascertained through manually digitizing satellite images from Landsat 7 and Landsat 85 for each year (Table 1). We used www.openstreetmap.org to detect the presence of settlements in the surrounding area of PSWR. We collected land cover data from the Ministry of Environment and Forestry Republic of Indonesia (dan Kehutanan, 2021) and used land cover classifications from LaGro (2005).


TABLE 1. Source and acquisition date of satellite image data.
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To test the potential influence of environmental factors on the probability of fire occurrence, we used the Normalized Density Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), distance from canal (dist-canal), and distance from road (dist-road) within a Maximum Entropy Model (Maxent) to develop a fire-risk probability map (Chen et al., 2015; Kim et al., 2019) for both La Niña and El Niño. We assessed the model performance using the receiver operating characteristic (ROC) curve method, and the models’ outputs were compared based on the area under the ROC curve (AUC). We classified fire risks probability maps into three classes with probability of 0–0.33 (low); 0.34–0.66 (medium) and >0.66 (high).





RESULTS


Land Use Land Cover and Canal-Road Development

The land cover within PSWR is dominated by peatland vegetation/wetland shrubs (81.08%) with a very small proportion of agricultural areas, whereas forest plantation and agricultural areas dominate in the reserve buffer (Table 2). Roads development surrounding the reserve increased substantially during 2001–2015, with a small encroachment of road into the southern part of the reserve visible by 2010, whereas canal construction was steady since 2001, with no significant addition during 2001–2020 (Figure 2).


TABLE 2. Size and proportion of each land use and land cover classification, and number of hotspots from 2001 to 2020, within Padang Sugihan Wildlife Reserve (PSWR) and buffer area in 2021 (Source: dan Kehutanan, 2021).

[image: Table 2]

[image: image]

FIGURE 2. Road and canal development during 2001–2020 surrounding and within PSWR, Sumatra, Indonesia.




Temporal and Spatial Patterns of Fires

As expected, fire occurrence in PSWR and its surrounding buffer area was most frequent during the dry season from July to November (Figure 3). The role of precipitation dynamics on fire emergence was clearly shown, with a delay between the monthly precipitation decrease in July followed by increasing numbers of wildfires from August to September (Figure 3). Only a few anomalies of high fire occurrence were observed during May and December when wet conditions occurred. Fires emerged soon after no rain occurred and up to 37 consecutive dry days, with 8 days as median. The duration of fire events within a 1 × 1 km2 pixel (n = 180) was between 1 and 14 days, with a median of 1 day. A steady reduction in the number of fires occurred as rainfall increases during October to early November (Figure 3). Wetland shrubs which represent natural peat-swamp forest vegetation have high number of fires on both within and surrounding the reserve. While meadow which corresponds with grassland has higher number of fires within the reserve, forest plantation has the highest number of fires among other land use within and in the buffer area during 2001–2020 (Table 2).
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FIGURE 3. The temporal relationship between the average total daily hotspots (within reserve and buffer) and the monthly average precipitation during 2001–2020 (above); and fire densities within and surrounding the PSWR during 2001–2020, with years classified based on El Niño Southern Oscillation (ENSO) state (below).


Fire density both within and surrounding the reserve shows clear association with ENSO state (Figure 3), with the highest fire incidences all occurring in El Niño years (2006, 2019, 2015, 2004, and 2002), and generally lower prevalence in ENSO neutral and La Niña years (with 2011 and 2012, respectively, being small anomalies for these two states). Fire densities were lower within the PSWR than in the surrounding buffer area except in the three dry El Niño years of 2002, 2004, and 2019. Spearman correlation analysis showed a significant negative relationship between monthly rainfall and fire densities within the reserve, in the buffer and within both areas combined (Table 3).


TABLE 3. Spearman correlation between monthly precipitation during fire periods (August–October) of 2001–2020, distance from border and number of hotspots in the PSWR and surrounding areas of Sumatra, Indonesia.
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During the study period, fire generally only occurred once within fire-affected pixels, both within and surrounding PSWR, with fewer grid cells in which fire occurred twice or more, and only a few burnt more than seven times. Fire frequencies were significantly lower within the reserve, where only four repeated fires occurred at most (Figure 4).
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FIGURE 4. Number of grid cells at each repeated fires grid cells within the Padang Sugihan Reserve and surrounding between 2001 and 2020.


During La Niña years, fires rarely occurred within the protected area, except for a low number in 2003, 2008, 2011, 2012, and 2014. During dry years, fire spread into the reserve. Human disturbance as represented by canal and road systems had a pronounced influence on fire occurrence during both dry and wet years, with a “reverse J” pattern indicating a decrease in fire incidence as the distance from canals and roads increased (Figure 5).
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FIGURE 5. Boxplot of fire density at each distance form border during La Niña and El Niño years within and surrounding the reserve border (A) and frequency of hotspot as function of distance from canals and roads (B).


In the La Niña years, fire density was higher surrounding PSWR (Mann–Whitney U test, U = 176; p < 0.05), whereas in El Niño years fire incidence was not significantly different within the reserve compared to its buffer area (Mann–Whitney U test, U = 158; p > 0.05). Fire density decreased with increasing distance up to 6 km from the reserve border to the core during the wet years, but then the density increases (Figure 5A). Despite the Spearman correlation analysis was significantly showing negative relationship between distance from border within the reserve during La Niña years, it has lower strength (Table 3). Conversely, in El Niño years, no clear pattern was evident, both within the reserve and in the buffer area (Table 3).

During El Niño years, our Maxent model performance was insufficient to predict the presence of fire in the PSWR and surrounding area, while it was acceptable (AUC > 0.7) to predict the presence of fire with distance to canal as the highest contributors to the fire presence during La Niña years (Table 4).


TABLE 4. Area under the curve (AUC) values, standard deviation and percent contribution of each environmental variables for the probability of fire presence in PSWR and surrounding landscape during El Niño and La Niña years from 2001 to 2020 using the Maximum Entropy Model.
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Our predictive Maxent model clearly shows a sudden shift of reduced size of low fire-risks probability class within the PSWR from La Niña years (83.1%) to El Niño years (0.2%). In contrast, a sharp increase was shown from La Niña years to El Niño years for the middle fire-risks probability class (11–63%) and high fire-risks probability (5.7–36.7%) within the PSWR. Whereas during El Niño years, a significant reduction of the area with low fire-risk probability was shown in the surrounding of the reserve, which was compensated higher values for high and medium fire prone probability (Figure 6). Our findings highlight that surrounding of the PSWR is continuously under the threat of fire both during El Niño and La Niña years, while within PSWR can protect some areas during wet years but not – or at least to a much lesser degree – during dry years.
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FIGURE 6. Predicted map of fire-risks probability class for La Niña (left) and El Niño (right) from the Maximum Entropy Model (Maxent) model. The probability of fire occurrence is represented by different colors ranging from red (high) to green (low). The size and proportion of each classes within the PSWR and it’s buffer area during is shown below.





DISCUSSION

Various studies on the effectiveness of protected areas to mitigate damaging wildfires exist, conducted mostly at a large spatial scale (Adeney et al., 2009; Nelson and Chomitz, 2011; Rodríguez et al., 2013; Biswas et al., 2015; Kiely et al., 2021). Our approach to analyzing peat-fire occurrences at a local scale offers new insight into the detailed temporal and spatial patterns of fires within and surrounding a reserve and serves as the first local-specific case for a protected peatland area in Sumatra. Through this, we demonstrate that climatic variation is not sufficient to fully explain fire emergence within and surrounding this protected tropical peatland area, and that both top-down (seasonal variation) and bottom-up (human disturbance) mechanisms have a crucial influence on patterns of peat fires occurrences, and thus the reserve’s effectiveness in reducing fires.

Climatic anomalies such as the ENSO and the Indian Ocean Dipole contribute significantly to fire incidences in Indonesia (Field et al., 2009). We have demonstrated such top-down factors act as a causal explanation of fire occurrences, with clear differences in fire regimes between dry and wet years, which contributes substantially to fire-risks area predictive map development. During La Niña years, the reserve area was seemingly able to limit fire occurrence. However, in El Niño years, the presence of protected area borders as a mean of land-use management was seemingly ineffective in preventing burning events (Moreira et al., 2011), with no significant difference in fire occurrence observed between peatland within the reserve compared to the surrounding buffer area. Therefore, early-warning map development systems should consider the precipitation dynamics in both wet and dry years.

Our findings align with earlier research non-peatland areas (Archibald et al., 2010) indicating that the accumulated rainfall and the length of the dry season influence the annual area burned in a protected area. While at laboratory scales of peatlands, Lin et al. (2020) emphasized the roles of precipitation on extinguishing fire in this ecosystems. From the bottom-up perspective our results show that the distance to both roads and especially canals are important factors determining the occurrence of fire, both in wet and dry years. The construction of canals and roads facilitates human incursion into (protected) areas, and previous studies have demonstrated positive links between both fire occurrence and distance to roads (Sze et al., 2019), and fire frequency and distance to canals (Konecny et al., 2016) in tropical peatlands. In addition to facilitating human access, canals dug in tropical peatlands also lower the peat water level, thus drying the peat and further increasing its vulnerability to fire ignition and spreading (Wösten et al., 2008; Hooijer et al., 2010; Hoscilo et al., 2011; Hayasaka et al., 2014). Canals also have an essential influence on fire during dry years as waterways give access to fire, representing the human-induced activities (Hope et al., 2005; Field et al., 2009) including forest conversion into plantations (Prabowo et al., 2017).

Vegetation indices derived from satellite images have been commonly used for measuring fire fuel availability, which can also be used as a vegetation indicator for its health and susceptibility to fire (Fiorucci and Gaetani, 2007). In our study, during dry years, soil moisture content is expected to be decreased, thus affecting vegetation health: NDVI and EVI values are correspondingly very low and are thus likely to be additional factors affecting the vulnerability of the peat area to fire (Fiorucci and Gaetani, 2007). Yet our study has not explored whether any seasonal changes of NDVI influence the susceptibility to fire due to limited amount of clear satellite images (i.e., less than 10% cloud cover) obtained per-season. Due to this lack of multitemporal NDVI series, we could not ascertain vegetation phenology and thus the complex interactions between vegetation, land use and climate characteristics cannot be explained (Bajocco et al., 2015).

We collected environmental variables which are closest to the same year of the fire (except for EVI), but were unable to obtain and analyze trends in relation to fire occurrence at finer temporal resolutions. Vegetation seasonal variability has been shown to help to identify the primary bioclimatic drivers related to fuel dynamics (Bajocco et al., 2015) and obtaining high-quality resolution of the multi-spatiotemporal image to depict the role of vegetation biomass can provide a substantial contribution to understanding spatial patterns of fire (Palacios-Orueta et al., 2005). Such analyses at finer temporal resolution would therefore be useful in future tropical peatland-protected area studies, through observations of these variables prior to a burning event to aid in determining cause-effect relationships between vegetation indexes and fire occurrences.

The fire observed occurrences showed a delayed response toward reduced precipitation at the onset of the dry season during 2001–2020 in the PSWR. The high fire occurrence during La Niña years in 2008 and 2011 indicates that natural drought processes could not fully explain fires in the reserve. Since fires occurred during the La Nina years, further investigation toward the role of rainfall to reduce fire-risks probability at landscape level, which already done at laboratory level (Lin et al., 2020), will enhance our understanding on this factor. In addition, other factors such as roles of decision of humans to igniting fires during wet years still relevant to be investigated. We were not able to simulate both top and below-ground fire spreading mechanisms, and further exploration of farmers decision-making process to burn land for agricultural conversion is therefore required, as fire is commonly employed as a tool in agricultural-conflict scenarios pertaining to land rights/ownership (Stolle et al., 2003; Cochrane, 2009; Harrison et al., 2009, 2020).

We rarely found repeated fire in an area during the 20-year period, with very few recurrent fires in the same grid cell. Among three main clusters with high repeated fire incidence, we found out that these were dominated by six land use land cover types representing human modified land cover land use types, i.e., agriculture plantation, barren, forest plantation, meadow, shrubs, and wetland shrubs. It is commonly believed that isochronal fire is a function of land conversion into agricultural uses (Hoscilo et al., 2011) and high number of new fires and low number of recurrent fires implies that degradation of the PSWR only occurred recently, as also indicated by the expansion of roads in the area in Figure 2. Commonly fire use by local people only occurs when initially opening/preparing land during the onset of the planting period (Stolle et al., 2003; Cochrane, 2009; Harrison et al., 2009) and therefore cessation of new land conversion may have prevented recurrent fires from being ignited (Weltzin et al., 2003). Our use of 1 × 1 km2 grid cells could over or under estimate of the reoccurring fire phenomenon, and experimenting with different grid cell sizes as well as expanding the observations to a landscape level, involving larger areas might improve the precision of this analysis.

Our observations suggest that canals and roads as a proxy of human presence serve as valuable predictors of fire occurrence in our study area, as human presence has also been found elsewhere (Román-Cuesta and Martínez-Vilalta, 2006; Adeney et al., 2009; Konecny et al., 2016). Although we have shown land cover and land use map as proxy to identify source of fire, however, it requires additional further analysis using more study case to investigate effect of this variable on fire occurrence (Hoscilo et al., 2011; Pereira et al., 2012; Palumbo, 2013). Additionally research should seek to ascertain the motivations of anthropogenic land burning (Mistry and Bizerril, 2011) to aid in understanding the role of humans in dry year fire amplification (Adeney et al., 2009; Field et al., 2009; Spessa et al., 2009).

Previous studies in tropical peatlands have described negative impacts of fire on floral and faunal biodiversity (e.g., Yeager et al., 2003; Thornton et al., 2018; Harrison et al., 2021). Our observation of fire presence within the PSWR during both wet and mostly dry years therefore indicates that the reserve’s biodiversity is under serious threat through fire-induced habitat destruction and isolation within their boundaries. Responses of biodiversity, such as mammals, to and following fire incidences provides insight of the reserve’s effectiveness in maintaining such biodiversity, which was unfortunately beyond the scope of the present study. A particular emphasis on the behavioral response of Sumatran elephants as a flagship species in PSWR, using GPS collaring (Mossbrucker et al., 2016) and population projection studies (Imron et al., 2011) would provide important insight into the effect of fire on endangered species conservation in the reserve and more widely across peatlands and other lowland habitats of Sumatra. Furthermore, population viability analysis for the elephant in the reserve and surrounding area using a modeling approach (Grimm and Wissel, 2004; Hoscilo et al., 2011; Imron, 2011) will provide guidance for management alternatives, which are currently lacking such data.

This study has provided insights on spatial and temporal fire occurrence predictors, including human interference and climatic variations. Nevertheless, knowledge on the detailed mechanism of fire occurrence and its causal factors in this area remains incomplete. Individual/Agent-based modeling (IBM/ABM) is one promising approach to understanding the complex phenomenon of wildfire, as well as predicting fire-risks areas in the future (Berec, 2002; Grimm and Railsback, 2005; Karsai et al., 2016). An ABM was recently developed for tropical peatlands in Sumatra (Widyastuti et al., 2021) and thus could potentially facilitate planning of preventative measures. Further development of such models would be beneficial for applied science development on fire ecology and management. Predictions from such dynamic models, incorporating bottom-up and top-down processes, would allow better understanding of these complex processes, thus providing dynamic information applicable to fire management and mitigation policy development. Since vegetation and social conditions are highly dynamic in tropical peatlands (Cochrane, 2009), using such dynamic models with relatively short temporal scales will enhance predictions derived through this approach.


Implication for Protected Area Management

Protected areas in Sumatra have shown effectiveness in lowering deforestation rates in comparison to adjacent unprotected areas during years of 1990–2000 (Gaveau et al., 2009). However, our study shows that a protected area in a Sumatran peatland ecosystem was not devoid of dry season fires. Our results also indicate that the surrounding landscape becomes critical for the protected areas if adjacent buffer areas cannot contain fire occurrences. The surrounding area is thus likely to be key in mitigating fire, particularly during dry years. In addition, raising awareness of people surrounding the reserve to use fires wisely and practice sustainable peatland management, and supporting the work of Fire-Concerned Community (Masyarakat Peduli Api) in each village surrounding the reserve should be improved through collaboration with local government and private sectors. This will be crucial to the effectiveness of the PSWR to mitigate future fire incidences. In addition, a current measure on closing canals have been done as part of restoration efforts by the Indonesian Peatland and Mangrove Restoration Agency, which will hopefully help decrease future fire prevalence in the area. Our approach on assessing effectiveness of protected areas can be adopted to evaluate the benefit of such hydrological restoration efforts in the future (Kiely et al., 2021).

The PSWR plays a crucial role for biodiversity conservation in Indonesia as habitat for the critically endangered Sumatran Elephant. This subspecies of elephant has a large home range (Mossbrucker et al., 2016) and consequently needs access to various habitat types and a large overall habitat areas. The landscape approach of considering composition and quality of land surrounding a protected area has emerged recently in biodiversity conservation in Sumatra (Imron et al., 2011), and urgent implementation has been recommended. Encouraging the establishment of privately protected areas (Hermawan et al., 2015) and village-based protected areas such as a sacred forest (Silvianingsih et al., 2021) in the area surrounding the reserve may therefore enhance the effectiveness of biodiversity conservation and fire mitigation in the region. In the case of fire incidents within the PSWR, management should ensure safe areas from fire as a wildlife refugia system are present (Wilkin et al., 2016).

Since the PSWR is also surrounded by canal systems and rivers for local transportation, access to the reserve is relatively easy. In light of our findings indicating significant relationships between fire incidence and distance to roads and canals, any proposals to change the reserve into mixed-used protected areas to deal with pressure from agricultural and timber extraction (Nelson and Chomitz, 2011) should therefore be carefully considered. Attention to evaluate the effectiveness of the BKSDA Sumatera Selatan to manage the reserve (Jaenicke et al., 2010; Greve et al., 2011) with particular emphasis on fire management should also be considered, prior to contemplating changing the status of protected areas into other protection types or other land use types. Strengthening the ability of rangers to detect and handle fires when they occur will also enhance the effectiveness of protected areas’ management. Simultaneously peatland restoration using physical approaches such as re-wetting through canal blocking and other methods (Restrepo et al., 2013; Blackham et al., 2014; Ritzema et al., 2014; Lampela et al., 2017) will help reduce future fire incidences.
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