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Deforestation fires are hindering climate change mitigation efforts and compounding global environmental challenges. Indonesia and Brazil have experienced high rates of deforestation fires in recent years, with many of the fires burning in peatland-rich ecosystems. We quantify the greenhouse gas (GHG) emissions associated with the 2019 and 2020 deforestation fires in both countries and determine the share of emissions originating from peatlands. Specifically, we use publicly available data for deforested area estimates and quantify the above-ground biomass (AGB), dry matter, and peat soil emissions associated with these fires. We find that the cumulative emissions impact from deforestation fires in Indonesia and Brazil was 3.7 (±0.4) and 1.9 (±0.2) Gt CO2eq in 2019 and 2020, respectively. Nearly half of this GHG impact can be attributed to emissions from peatlands. However, real-time monitoring tools can underestimate these emissions as fires in peatlands smolder underground and can go undetected by satellites. We compare our results with publicly available land-use and fire emissions data and find that the magnitude of underestimation is of the order of 200–300% for severe fire years and highest in the peatland-rich Brazilian Pantanal. We identify the gaps in current policies that are exacerbating the GHG and climate impacts of deforestation fires in Indonesia and Brazil and emphasize the need for regular pre- and post-fire ground measurement, transparent data sharing, and robust policy enforcement for effective forest and peatland protection.
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INTRODUCTION

Global forest fires in 2019 and 2020, like those in Indonesia, Brazil, Central Africa, Siberia, Australia, and California, accounted for 10–15% of all global greenhouse gas emissions (Guo et al., 2019). Among these, the deforestation fires in Indonesia and Brazil were set to clear forest land to support anthropogenic activities like cattle farming, soybean farming, and palm oil farming (Macedo et al., 2012; Global Forest Watch, 2019; Marengo et al., 2021). Many of these commodity production-driven deforestation fires burned in critical peatland ecosystems. However, preliminary emissions data reported by monitoring tools and databases cannot account for the bulk of the emissions from peatlands as the fires smolder underground, are challenging to detect, isolate, and extinguish, and result in thick smoke plumes which limit the efficacy of satellite measurements. Hence, extensive ground measurements are essential to account for ecosystem-level impacts from peatland fires. While the emissions data are continually updated as post-fire ground measurements become available, the process of providing reliable estimates can suffer from a time lag of 5 years or longer (Ribeiro-Kumara et al., 2020). Consequently, reactive policies that are based on preliminary data fail to account for and to mitigate the true GHG impact of deforestation fires.

Peatlands cover only 3% of the world's landmass, but exist across 180 countries and are the largest terrestrial sink for carbon (Food and Agriculture Organization, 2020). Current estimates suggest that the carbon stored by peatlands is at least twice as much as all other vegetation types together, when above- and below-ground carbon are accounted for (UNEP, 2019). When drained and burned, peatlands emit the sequestered carbon and turn from net carbon sinks to sources. Typically, “slash and burn” methods have been used to induce deforestation fires to convert lands, including peatlands, to agricultural or commercial lands. Large swaths of peatlands in Europe, Southeast Asia, and South America have undergone significant degradation to support human development activities in this manner. Resultantly, 15% of the world's known peatlands have been irreversibly damaged or are currently experiencing extreme degradation, making them one of the most vulnerable and disproportionately impacted ecosystems (UNEP, 2019).

Unlike fast-spreading fires in other ecosystems, peatland fires are characterized by the slow-burning of surface vegetation followed by the gradual and sustained smoldering of peat soils over several days or weeks resulting in thick smoke plumes. Some megafires in peatlands have been known to burn for months extending laterally and in the sub-surface through layers of flammable carbon-rich soil (National Interagency Fire Center, 2019). The climate impacts of peatland fires are primarily attributed to CO2 emissions followed by carbon monoxide (CO) and methane (CH4) emissions. Peatland fires also contribute to pollution through smoke and haze. The emitted particulate matter severely affects biodiversity and human health and has detrimental socioeconomic impacts. The fires also cause local subsidence, soil leaching, and disruption to natural water regulation patterns resulting in increased flooding and contamination of freshwater sources.

Historically, global soil patterns have been analyzed at coarse physiographic scales ranging from 1:150,000 at the sub-national level to 1:1,000,000 at the national level (Food and Agriculture Organization, 2020). At these resolutions, the remote sensing methods can help identify large peat reserves, but the resultant maps do not provide substantial information about their depth or accurate estimation of their expanse. Peat depths can be mapped more comprehensively through in-situ probing or ground-penetrating radar; however, the time and labor-intensive nature of ground measurements and challenges of interpolation and representative mapping preclude widespread use. Many mapping inventories have not been updated to reflect how recent land-use changes have impacted peat reserves over time or to distinguish peatlands from wetlands (Food and Agriculture Organization, 2020). The high cost of representative and regular ground-based measurement (Vernimmen et al., 2020; O'Leary, 2021) and the lack of policy support at national and sub-national levels for peatland protection against deforestation results in poor initial estimates of their carbon sequestration capacity in their natural state and the associated emissions during fires or draining that occur to support human activities.

We utilize the 2019 and 2020 fires in Indonesia and Brazil as case studies to evaluate how under-accounting for the expanse of peatlands, the scale of deforestation fires in peat-rich ecosystems, and the carbon intensity of the emissions can lead to an initial under-estimation of their GHG impact. We estimate the GHG impact of these fires by using history-matched emissions factors (Akagi et al., 2011; Drösler et al., 2013; Banin et al., 2014; Giglio et al., 2017; van der Werf et al., 2017) with ecosystem- and country-level attributes (Yamakura et al., 1986; Levine, 1999; Neto et al., 2009; da Silva et al., 2013; Ratnaningsih and Prasytaningsih, 2017; Cassol et al., 2018; Ferraz et al., 2018; Moore et al., 2018; Serrati, 2018; Instituto Nacional de Pesquisas Espaciais, 2019; Global Fire Emissions Database, 2020; Greenpeace, 2020; Filho et al., 2021). Our results indicate that nearly half of the emissions from deforestation fires in Indonesia and Brazil can be attributed to peatlands, which can go undetected by satellites. For severe fire years in Indonesia and Brazil, the mismatch between the emissions estimated by our model and those reported by databases is as much as 2- to 3-fold. Therefore, real-time satellite measurements are found to severely under-account for the true GHG impact of deforestation fires. Even though the magnitude of the mismatch is reduced as new data becomes available, the effects of the underestimation persist over time. Lastly, we evaluate the current policy landscape in Indonesia and Brazil to understand the feedback between policies, deforestation fires, the under-mapping of peatlands, and their carbon impact. Deforestation fires and peatland degradation in both countries are caused by measurement challenges associated with representative, ground-based peatland mapping, inefficiencies in current policies and lax regulatory enforcement that fail to disincentivize commodity production-driven deforestation or administer appropriate punitive measures.



MATERIALS AND METHODS

Our analysis is centered on deforestation fires in all Indonesian provinces, and the Legal Amazon (includes the states of Acre, Amapa, Amazonas, Pará, Rondônia, Roraima, Tocantins, Moranhão, and Mato Grosso) and the Pantanal (includes the states of Mato Grosso do Sul and Mato Grosso) in Brazil, as presented in Figure 1 (Hahn et al., 2014; Müller-Hansen et al., 2017). Indonesia's Ministry of Environment and Forest reported that the fires burned a forest area of ~6,400 sq. miles in 2019 and ~1,100 sq. miles in 2020 (Ministry of Environment and Forestry of the Republic of Indonesia, 2019; Greenpeace, 2020). Brazil's National Institute for Space Research (INPE) reported a burned forest area of ~3,900 sq. miles in 2019 and ~4,300 sq. miles in 2020 in the Amazon (Instituto Nacional de Pesquisas Espaciais, 2019). About 80% of the Pantanal lies within Brazil and the rest of the area in Bolivia and Paraguay (Serrati, 2018). Of the Brazilian Pantanal, about 65% of the area is in the state of Mato Grosso do Sul and 35% in Mato Grosso. Since INPE only monitors fires in the Amazon and Cerrado biomes, we used Global Forest Watch's estimates of ~200 sq. miles in 2019 and ~500 sq. miles in 2020 in Mato Grosso do Sul as our basis for the area impacted by deforestation fires in the Brazilian Pantanal. Based on these estimates of the burned area, we calculate the total GHG impact of deforestation fires by accounting for emissions from above-ground biomass, and peat soils and dry matter in peat-rich ecosystems. We present a conservative estimate of the GHG impact of the deforestation fires in the Pantanal since we assume that the same share of peat fires occurred in the Pantanal and the Legal Amazon, even though the Pantanal has greater peat depth and expanse (Marengo et al., 2021), and therefore, likely witnessed a larger share of peat fires.
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FIGURE 1. The map of Brazil showing the extents of the Legal Amazon and the Pantanal. The state of Mato Grosso includes 35% of the Brazilian Pantanal and the state of Mato Grosso do Sul includes the remaining 65%. The northern parts of the state of Mato Grosso include areas of Legal Amazon.


First, we determine the emissions from above-ground biomass (AGB) in the burned area using AGB = 0.0509 X ρD2H, where ρ is wood density in g/cm3, D is the tree's diameter in cm at breast height, and H is the average tree height in meter (Chave et al., 2005, 2014; Feldpausch et al., 2012; Banin et al., 2014). We assumed a carbon fraction of 0.48 for AGB, and a combustion efficiency of 0.9 in Indonesia and 0.89 in Brazil based on previous works (Andreae, 1991; Kaufman et al., 1992; Ward and Hao, 1992; Babbitt et al., 1996; Ferek et al., 1998; Levine, 1998, 1999; Innes et al., 2000; Neto et al., 2009; Ferraz et al., 2018). Ground-based analyses have found average tree heights of 29 m in Indonesia and 26 m in Brazil, average diameter at breast height 0.29 m in Indonesia and 0.25 m in Brazil, and similar wood densities of 600 kg/m3 per tree and fuel loads of ~152,000 trees per sq. mile (Yamakura et al., 1986; Malhi et al., 2004; Hunter et al., 2013; Banin et al., 2014; Cassol et al., 2018; Ferraz et al., 2018).

Next, to quantify the peat soil and dry matter emissions, we rely on previous studies in tropical peatlands which have reported average values of peat depth ranging from 0.3 m in both countries (Page et al., 2002; Kiely et al., 2019), bulk density of ~0.3 g/cm3 in Indonesia (Ratnaningsih and Prasytaningsih, 2017), 0.5 g/cm3 in the Legal Amazon (da Silva et al., 2013), 0.88 g/cm3 in the Brazilian Pantanal (Filho et al., 2021), and emissions factors for CO2, CH4, and CO (Akagi et al., 2011; Drösler et al., 2013; Banin et al., 2014; Giglio et al., 2017; van der Werf et al., 2017). We note that the Brazilian Pantanal has a significantly greater depth of peat, but in the absence of ecosystem-specific data, we considered the average burn depth to be 0.3 m, the same as in the Legal Amazon. These were used to quantify peat soil emissions, dry matter emissions from surface biomass, and the cumulative CO2 impact (Supplementary Tables 3–5) (Drösler et al., 2013; van der Werf et al., 2017). We assume that organic carbon forms 56% of the mass of tropical peat soils in Indonesia and 50% in Brazil and applied widely used emission factors from Indonesia and Brazil which are averaged over 20 years and adjusted for the time-effects of fires and land-use change (Akagi et al., 2011; Giglio et al., 2017; van der Werf et al., 2017; Moore et al., 2018; Kiely et al., 2019; Global Fire Emissions Database, 2020). In the absence of data on ecosystem-level attributes, we apply IPCC recommended emissions factors for tropical peatlands for Indonesia and Brazil and assume that organic carbon forms 54% of the mass of dry matter, which presents a fuel load of ~440 t/ha in both countries (Drösler et al., 2013). We do not account for the emissions that occur when flooded peatlands are drained, the water table is lowered, and the peat surface is first exposed to aerobic conditions. Other bases for calculations are listed in Supplementary Table 1. We accounted for the uncertainties in measurement, wherever applicable, by including the range of values used in the cited literature. These are the basis of the range of emissions included in our results.



RESULTS

Our results indicate that Indonesia and Brazil collectively emitted nearly 2 Gt CO2eq (1.98 ± 0.11) in 2019 and 1 Gt CO2eq (0.97 ± 0.03) in 2020 from the burning of above-ground biomass due to deforestation fires (Table 1). Most notably, we found that including the emissions from deforestation in peatland ecosystems in both countries doubles the combined GHG impact to 3.65 ± 0.41 GtCO2eq in 2019 and ~1.89 ± 0.22 GtCO2eq in 2020 (Figure 2). The smaller burned area in Indonesia resulted in a 5-fold reduction in emissions from 2.44 ± 0.25 Gt CO2eq in 2019 to 0.44 ± 0.04 Gt CO2eq in 2020. While emissions from the Legal Amazon are comparable for 2019 and 2020, the peat-rich Pantanal is experiencing rapid degradation, and emissions from the region, per our results, have doubled between 2019 and 2020.


Table 1. GHG impact of deforestation fires in Indonesia and the Legal Amazon in Brazil, 2019 and 2020, calculated in this work.
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FIGURE 2. Assessment of the annual GHG impact of deforestation fires in Indonesia, the Legal Amazon in Brazil, and the Pantanal in Brazil during 2019 and 2020. The error bars represent the cumulative uncertainty associated with the calculated GHG impact, consisting of peat soil emissions, dry matter emissions, and aboveground biomass (AGB) emissions. For peat soil emissions, the error bars are calculated based on the uncertainties reported for the average burn depth from previous fires, the associated emission factors for CO2, CO, and CH4, and the mass of burned peat. For dry matter emissions, the error bars are calculated based on the uncertainties reported for the dry matter per sq. mile. For the AGB emissions, the error bars are calculated based on the uncertainties reported in the number of trees per sq. mile, the aboveground biomass per sq. mile, and the associated carbon content. The uncertainties are reported in Table 1 and Supplementary Material.


Additionally, since we find that peat emissions account for 40–60% of the GHG impact from deforestation fires across different biomes in Indonesia and Brazil, land-use or fire analyses that are based only on real-time satellite measurements present a partial and skewed outlook of the emissions impact of deforestation fires in peatland ecosystems. This can result in underreporting peatland emissions in the short-term and under-accounting for peatland degradation, in the short- and long-term. To understand the magnitude of underestimation, we present a comparison of our results with peer-reviewed estimates reported by Global Forest Watch (Hansen et al., 2013) in Table 2. While the estimates presented by the databases are continually updated as post-fire ground measurements become available, the process of providing better estimates typically takes 3–5 years. Therefore, we modeled the emissions from the 2015 fires in Indonesia and Brazil and compared our results with those reported by Global Forest Watch. Additional comparisons with the data reported by Copernicus Atmospheric Services (CAMS) and the Global Fire Emissions Database (GFED) in 2015, 2019, and 2020 and peer-reviewed analyses for 2015 are included in the Supplementary Material, along with the sources, scope, and methodologies relevant to each of these databases.


Table 2. Comparison of results from this study with data reported by Global Forest Watch.
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For Indonesia, we find a difference of nearly 1.8 ± 0.25 Gt CO2eq (~260%) between the results from our model (2.44 ± 0.25 Gt CO2eq) and those reported by Global Forest Watch (0.68 Gt CO2eq) for 2019, and a lower variation of 1.4 ± 0.25 Gt CO2eq (~130%) between our results (2.53 ± 0.25 Gt CO2eq) and the updated emissions reported by the database (1.1 Gt CO2eq) for 2015. We observe the smallest difference of <0.1 ± 0.04 Gt CO2eq (~19%) between our results (0.44 ± 0.04 Gt CO2eq) and those reported by Global Forest Watch (0.37 Gt CO2eq) for 2020, when favorable weather conditions, a pandemic-induced weakening of the economic incentives for deforestation, and strong policy enforcement helped arrest deforestation fires in Indonesia. The results from our model for the Legal Amazon concur with the data reported by Global Forest Watch (Figure 3 and Table 2). In contrast, we find substantial differences between the results from our model and the data reported by Global Forest Watch for the Brazilian Pantanal in 2019. The underestimation highlights that satellite-based measurements and post estimation are potentially under-accounting for the GHG impact of deforestation fires in peatlands by 2- to 3-fold immediately after the fires occur. The magnitude of the mismatch is reduced to half, i.e., 1- to 1.5-fold, as new data from ground measurements becomes available, but the effects of the underestimation remain substantial. Additionally, the Brazilian Pantanal is witnessing a sustained increase in deforestation fires and their GHG impact is poorly quantified.
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FIGURE 3. Comparison of the results of this study and the annual emissions reported by Global Forest Watch for 2015, 2019, and 2020 in Indonesia. The results of this study consist of peat soil emissions, dry matter emissions, and aboveground biomass (AGB) emissions and the uncertainties associated with each of these components yields the cumulative error bar presented for each year in the figure. The uncertainties are reported in Table 2 and Supplementary Material.


To evaluate how the emissions reported by databases change over time, we compared previous and publicly available estimates reported during or immediately after the fires occurred with current estimates from the Global Fire Emissions Database (GFED) (Global Fire Emissions Database, 2015, 2020, 2021). These trends are presented in Table 3.


Table 3. Data reported by Global Fire Emissions Database (GFED) for Indonesia and Brazil (Legal Amazon) for 2015 and 2019.
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The emissions reported by GFED during the fire season in 2015 in Indonesia have since changed by nearly 170%, while those for the Legal Amazon have changed by 15%. Similarly, 2020 estimates for Indonesia have changed by 7% and by 10% for the Legal Amazon. Overall, the reported emissions have consistently increased over time, with the most substantial increase observed for Indonesia's 2015 emissions. The trends in Table 3 are consistent with our hypothesis that real-time satellite data reported during or immediately after the fire season can underestimate the GHG impact of deforestation fires.



POLICY IMPLICATIONS AND CONCLUSIONS

Our findings indicate that the emissions from deforestation fires in Indonesia and Brazil accounted for 7 and 3% of total global GHG emissions in 2019 and 2020, respectively. Moreover, emissions from the fires that occurred in peatlands accounted for nearly half of this GHG contribution from both countries. Deforestations fires are not only resulting in substantial forest and carbon sink loss but are also a significant source of GHG emissions. Peatlands, that store at least twice as much carbon as all other vegetation types, can turn from carbon sinks to sources when perturbed by fires. Therefore, understanding the role of peatlands as carbon sinks and the GHG impact associated with deforestation fires in these critical ecosystems is an urgent emissions reduction priority that requires effective, timely, and transparent measurement, data collection, management, and sharing.

In the case of Indonesia and the Pantanal in Brazil, we observe that emissions from peatlands are underestimated during severe fire years, but periodic updates can reduce the magnitude of the mismatch. Specifically, satellite-based measurements and post estimation are potentially under-accounting for the GHG impact of deforestation fires in peatlands by 2- to 3-fold immediately after the fires occur, but the underestimation is reduced to half over a 5-year period. The mismatch was found to be the lowest for 2020, when favorable weather conditions, stringent policy enforcement, and the global recession weakened the drivers of deforestation in Indonesia. In contrast, the Brazilian Pantanal is experiencing progressive degradation through deforestation and the emissions from the region were found to have significantly increased between 2015 (0.07 ± 0.02 Gt CO2eq) and 2020 (0.27 ± 0.05 Gt CO2eq). Regular pre- and post-fire ground measurement when the forests are accessible during periods of low fire activity, and verification of ground-based data with real-time satellite data can help reduce the incongruity between reported emissions and the true GHG impact of deforestation fires.

It follows from our findings that the absence of policy efforts to map peatlands is a significant barrier toward peatland conservation and restoration in both countries; however, better mapping alone will be insufficient in mitigating the challenges associated with deforestation fires. The ASEAN Peatland Forests Project (APFP) and the UN's Global Peatlands Initiative were established over the last two decades for comprehensive mapping and to enable multi-stakeholder community-based programs to restore peatlands, reduce the rate of degradation, and the risk of fire and haze. In addition to being a partner country of both the initiatives, the Indonesian government issued a permanent moratorium on clearing peatlands and new concessions in primary forests in 2011. Penalty provisions under Indonesia's National Forestry Law and Environmental Protection and Management Law were also expanded to include imprisonment and fines ranging between 3 and 10 billion Indonesian Rupiah ($200,000–700,000 USD), while international support from the UN's Office of Drugs and Crime was directed at strengthening enforcement (United Nations Office of Drugs and Crime, 2011). These measures, along with Indonesia's Freedom of Information Act and the One-Map initiative to map peatlands at a resolution of 1:25,000 and establish a single national database for forests, peatlands, and land-use were expected to boost peatland conservation (Shahab, 2016).

Despite these efforts, large swaths of peatlands remain unmapped, data sharing through OneMap is restrained by the government, and indigenous areas with some of the largest peat reserves have been excluded by regulation. In 2019, the conversion of forests to palm and paper plantations drove many of the fires, and the government drew criticism over the shape-shifting nature of the maps included in the moratoria that were altered to support commodity production-driven agriculture. Contrastingly, in 2020, the economic downturn from the COVID-19 pandemic weakened demand for palm oil, and milder weather conditions and international pressure to control GHG emissions and deforestation led to peatland rewetting and strict enforcement of the moratoria on peatland draining.

In contrast, Brazil has witnessed dramatic and significant erosion of forest protection policies over the last 2 years which has facilitated an increase in deforestation for commodity production, especially in regions beyond the Legal Amazon such as the peatlands in the Pantanal. In 2019, INPE first initiated efforts to monitor deforestation across all biomes through REDD+. However, the effort is expected to cease in 2022 as Germany and Norway have frozen future funding, and the tripartite Amazon Fund Guidance Committee between Brazil, Norway, and Germany was dissolved in reaction to the Brazilian government's weakened policy stance on forest protection and weak enforcement of the moratoria on illegal soy and beef farming (Presidency of the Republic of Brazil, 2019a). Simultaneously, Brazil's anti-deforestation law enforcement agency, the Institute of Environment and Renewable Natural Resources (IBAMA), witnessed a 25% reduction in its budget appropriations and all logging fines have been suspended since 2019 (Presidency of the Republic of Brazil, 2019b). As for peatlands, the known deposits in Brazil are managed under the 1971 Ramsar Convention on Wetlands; but the 25 recognized Ramsar sites in Brazil have not been mapped to assess the peat thickness, and beyond the known sites, the extent and depth of peatlands remain largely undiscovered (The Ramsar Convention Secretariat, 2014). As a result, Brazil does not have peatland protection policies in place even though a mapping effort by the Center for International Forestry Research (CIFOR) and the United States Agency for International Development in 2017 revealed that South America may have the highest tropical peat deposits and Brazil potentially leads the region in peatland area and volume contribution (Gumbricht et al., 2017).

While both countries have established forest protection policies, and peatland protection policies in the case of Indonesia, along with attracting financial resources to better map peatlands through several international mechanisms, weak enforcement and reversal of policies continue to enable large-scale deforestation. Our findings emphasize the need for regular pre- and post-fire ground measurement verification with real-time satellite data across all biomes. Especially in peatlands, pre-fire ground assessments can help appropriately map their extent and depth, resulting in better post-fire estimates which can complement satellite measurements. If the presence, depth, and expanse of peatlands close to areas experiencing human development are unknown, then the potential of peatlands as carbon sinks and as sources of emissions during deforestation fires are underestimated and misrepresented in global carbon cycle fluxes. As a result, appropriate mitigation policies corresponding to the true impact of fires cannot be established and enforcement gaps and inefficiencies in current policies continue to incentivize the drivers for commodity production-driven deforestation. Monitoring across all biomes and transparent data sharing must be encouraged and appropriately funded by the government and international mechanisms, robust policy enforcement must be coordinated across the national and local levels, and severe punitive actions which outweigh the economic benefits of commodity production-driven deforestation must be established for effective forest and peatland protection and climate change mitigation.
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