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Protected Areas (PAs) represent a broad spectrum of outcomes and governance systems. Among PAs, Community Managed PAs have emerged from communities that are not exclusively indigenous and have developed social organizations to acquire land rights, participate in forest governance, and in some cases, engage in REDD+. However, regardless of the scale or counterfactual, there is no clear consensus about Community Managed PAs’ effectiveness in forest conservation and climate change mitigation. Furthermore, previous studies have been devoted to estimating PAs’ effects on deforestation before REDD+ projects began to operate. Based on Community Concessions in Petén (Guatemala) and Extractive Reserves in Acre (Brazil), we analyzed Community Managed PAs’ temporal and spatial effects on carbon stocks and avoided emissions relative to unprotected lands, other Sustainable Use PAs (IUCN V-VI), and Strict PAs (I-IV). We used carbon density maps, matching methods, geographic discontinuity designs, and sensitivity analysis between 2003 and 2015. After controlling for the influence of market access and agriculture suitability, our analysis shows that Community Managed PAs were more effective than Other Lands (i.e., unprotected) and Sustainable Use PAs, and at least as effective as Strict PAs, in preserving carbon stocks and avoiding emissions. For instance, relative to Other Lands between 2011 and 2015, Community Managed PAs resulted in net avoided emissions of 4.6 tCO2-eq/ha in Petén (Guatemala) and 2.15 tCO2-eq/ha in Acre (Brazil). While these net avoided emissions were lower than in previous years, they seem to be driven by a reduction in carbon emissions outside Community Managed PAs. Spatially, the boundaries of Community Managed PAs varied across jurisdictions. For example, the boundaries of Acre’s Community Managed PAs’ have become less effective in avoiding emissions, which translates into reduced effects on conserving carbon stocks. Our results highlight the need to assess temporal effects to exhibit jurisdiction-wide land-use dynamics and spatial effects to identify local land-use pressures emerging inside or around the boundaries of PAs. Our analysis also shows that decentralized governance in Community Managed PAs may contribute to climate change mitigation through REDD+ and forest conservation targets.
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INTRODUCTION

Protected Areas (PAs) remain as primary interventions for forest conservation (Börner et al., 2020). In practice, PAs represent a broad spectrum of governance systems with outcomes beyond forest conservation (Dudley et al., 2010). To account for the different outcomes of PAs, the IUCN developed a number of categories. Those classified in categories I-IV, or Strict PAs, privilege biodiversity conservation and limit extractive activities through state-based forms of governance. Sustainable Use PAs, classified in categories V-VI, represent a more direct interaction between ecosystems and people, integrating biodiversity conservation and non-industrial extractive activities under more decentralized forms of governance. Since the 1980s, the decentralized governance of some Sustainable Use PAs has resulted in Community Managed PAs, an intervention aiming to reduce the financial costs of conservation and recognize forest communities’ livelihoods, management practices, and social organizations (Agrawal et al., 2008). Considering that climate change mitigation through avoided land-use emissions has become a primary goal for PAs (MacKinnon et al., 2011), Community Managed PAs represent an intervention where multiple social and ecological outcomes converge. Despite the potential win-win outcomes of Sustainable Use PAs, especially in those that are Community Managed, their effectiveness in forest conservation and climate change mitigation can be put into question. For example, Walker et al. (2021) found that non-Strict PAs in the Brazilian Amazon were responsible for more than 90% of forest carbon losses in PAs. Although counterintuitive, the fact that Sustainable Use PAs or Community Managed PAs may exhibit higher carbon losses than Strict PAs does not necessarily imply that they are not effective. Strict PAs might be experiencing low deforestation (and forest degradation) because of their reduced market access and suitability for agriculture (Pfaff et al., 2014). Hence, if the influence of spatial location is considered, are Community Managed PAs effective in forest conservation and climate change mitigation?

To address this question, different studies use quasi-experimental methods to evaluate PAs’ effects on forest conservation. The premise of these studies is to remove the influence of market access and agriculture suitability by equating the distribution of spatial location covariates (e.g., distance to cities) in PAs and some counterfactual (Joppa and Pfaff, 2009, 2010). In the tropics, some of these studies have shown that Strict PAs are more effective than Sustainable Use PAs in forest conservation (Ferraro et al., 2013; Nolte et al., 2013; Pfaff et al., 2015b; Jusys, 2018; Bonilla-Mejía and Higuera-Mendieta, 2019; Elleason et al., 2021), while others have shown the opposite (Nelson and Chomitz, 2011; Andam et al., 2013; Blackman et al., 2015). Despite the lack of consensus, the previous studies offer relevant highlights to assess PAs’ effectiveness in forest conservation and climate change mitigation. First, an integral assessment of PAs requires measuring their effectiveness not only relative to unprotected Other Lands [i.e., but also relative to other PAs categories (e.g., Andam et al., 2013; Ferraro et al., 2013; Elleason et al., 2021)]. For example, using Other Lands and different PA categories as counterfactuals of Community Managed PAs. These multiple comparisons are particularly relevant to account for differences in spatial location among Community Managed PAs, Sustainable Use PAs, Strict PAs, and Other Lands (Pfaff et al., 2014, 2015a). Moreover, certain studies focus on the temporal effects. That is, estimating deforestation or regrowth inside and outside PAs for a time period. However, other studies (e.g., Bonilla-Mejía and Higuera-Mendieta, 2019), assess the role of PAs boundaries relative to their surroundings or the spatial effects to elucidate local land-use dynamics. Thus, estimating temporal effects alongside spatial effects may contribute to the integral assessment of PAs (Blackman et al., 2015; Alejo et al., 2021). Nevertheless, few studies evaluate the effectiveness of Community Managed PAs relative to different land tenures through temporal and spatial assessments.

Some quasi-experimental studies have focused on Community Managed PAs. Typically, Community Managed PAs have emerged from communities that are not exclusively indigenous and have developed social organizations to acquire land rights, access to forest livelihoods, and participate in forest governance (Cronkleton et al., 2008). Two foundational research efforts shed light on the effectiveness of Community Managed PAs in the 2000s. Relative to Other Lands, Blackman et al. (2015) established in the Maya Biosphere Reserve (Petén, Guatemala) that Sustainable Use PAs were more effective than Strict PAs in avoiding deforestation, and among Sustainable Use PAs, Community Concessions (a form of Community Manage PAs) were the most effective. Pfaff et al. (2014) provide a similar insight and exhibit that among Strict PAs, Indigenous Territories, and Extractive Reserves (another form of Community Managed PAs), the latter was the only land tenure with significant impacts on avoided deforestation (Pfaff et al., 2014). However, the context of Community Managed PAs in Petén (i.e., Community Concessions) and Acre (i.e., Extractive Reserves) have experienced changes that may have influenced their role in forest conservation and climate change mitigation. In both jurisdictions, new Strict and Sustainable Use PAs have been declared (UNEP-WCMC and IUCN, 2021), creating an even more complex mosaic of PAs and Other Lands. Regarding Petén, some Community Managed PAs have lost their status while others have consolidated and became proponents on a pioneer jurisdictional REDD+ program in 2012 (Hodgdon et al., 2013). In the same year, the state of Acre began to implement a System of Incentives for Environmental Services (SISA) that also includes a pioneer REDD+ program (Rosa Da Conceição and Börner, 2020). Thus, it becomes crucial to provide an updated and integral assessment to this pioneer Community Managed PAs in the context of climate change mitigation and REDD+.

Consequently, our study aims to assess the effectiveness of Community Managed PAs on forest carbon dynamics before and after the adoption of REDD+ programs in 2012 using two case studies: Community Concessions in the Department of Petén (Guatemala) and Extractive Reserves in the State of Acre (Brazil). Particularly, we assess Community Managed PAs’ effect on carbon stocks and avoided carbon emissions relative to Other Lands, Sustainable Use PAs, and Strict PAs. Our assessment relies on carbon density maps, matching methods, and geographic discontinuity designs to measure the temporal and spatial effects of Community Managed PAs between 2003 and 2015. After controlling for market access and agriculture suitability covariates, our results show that Community Managed PAs in Petén and Acre are temporarily effective in preserving larger carbon stocks and avoiding carbon losses. However, these effects have been reducing in time and becoming less robust to unobserved covariates. The spatial effects indicate that Community Managed PAs’ boundaries have varied effects on carbon dynamics related to the geographic settings of Petén (Guatemala) and Acre (Brazil).

Our study differs from previous research on PAs and quasi-experimental methods in multiple ways. Compared with studies that estimate the effectiveness of PAs using either Other Lands (e.g., Nelson and Chomitz, 2011; Alejo et al., 2021) or other PAs (e.g., Elleason et al., 2021) as counterfactuals, we estimate Community Managed PAs’ effectiveness relative to multiple land tenures. Moreover, we explore this effectiveness temporarily and spatially on carbon stocks and avoided emissions, contrasting similar studies that usually explore one of these two approaches on deforestation (e.g., Miranda et al., 2016; Blackman and Veit, 2018; Bonilla-Mejía and Higuera-Mendieta, 2019; Baragwanath and Bayi, 2020). Finally, our focus on Community Managed PAs’ effects on carbon stocks dynamics exceeds the time frame of previous studies in Petén and Acre (i.e., Pfaff et al., 2014; Blackman, 2015) and explores the influence of forest communities and decentralized governance on climate change mitigation and REDD+.



MATERIALS AND METHODS


Study Areas

Our study assesses Community Managed PAs in two subnational jurisdictions from the Neotropics: Petén, a department in northern Guatemala, and Acre, a state in Brazil’s western Amazon (Figure 1 and Supplementary Table 1). The predominant ecosystems are two types of tropical moist forests: the Petén-Veracruz for the former and the Southwest Amazon for the latter (Olson et al., 2001). Petén and Acre correspond to particular social, political, and geographic settings, but share at least, four factors in common: (1) policies and investments in forest conservation for more than three decades, (2) diverse land tenures involved in forest governance, (3) social organizations that emerged from forest communities, and (4) being pioneers in REDD+ programs.
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FIGURE 1. Study areas. (A) The department of Petén in Guatemala (Central America). (B) The state of Acre in Brazil (South America). Land tenure is classified as Community Managed PAs (blue), which correspond to Community Concessions in Petén and Extractive Reserves in Acre, Other Lands (gray), Sustainable Use PAs (light green), Strict PAs (dark green), and Other Protected Lands (white).


In Petén, the Maya Biosphere Reserve was established in 1990 under the pressure of environmental and international aid organizations to curb deforestation, resulting in the delimitation of strict PAs, Multiple Use Zones (here, Sustainable Use PAs), and a buffer zone (Radachowsky et al., 2012). The new reserve created tensions between the PAs service (CONAP) and past-resident communities (Cronkleton et al., 2008). These tensions escalated with the arrival of new residents after the Guatemalan peace accords and the interest of private enterprises to acquire forest concessions in Multiple Use Zones (Cronkleton et al., 2008). Supported by environmental and international aid organizations, ACOFOP (“Asociación de Comunidades Forestales de Petén”) emerged as a social organization to negotiate the access of past, new resident, and non-resident communities to forest concessions and guarantee local livelihoods (Millner et al., 2020). Between 1994 and 2002, the negotiations granted access to Multiple Use Zones in the Maya Biosphere Reserve to community concessions, private concessions, and cooperatives (Radachowsky et al., 2012). More recently, the department of Petén extended its PAs network outside the Maya Biosphere Reserve with public and private areas with strict protection (IUCN I-IV) and sustainable use (IUCN V-VI) (UNEP-WCMC and IUCN, 2021). We classify these multiple land tenures in different PA categories (Table 1). PAs that allow indirect uses (IUCN I-IV) are defined as Strict PAs. PAs with IUCN categories V-VI and revoked community concessions, cooperatives, and Multiple Use Zones in the Maya Biosphere Reserve are categorized as Sustainable Use PAs. The Maya Biosphere Reserve’s buffer zone, which does not fit our definitions of PAs, and Private Concessions, which belong to ACOFOP but do not involve forest communities, are excluded from our study. We focus on eight Community Managed PAs, here defined as Community Concessions in the Maya Biosphere Reserve that have remained active and certified. Among these Community Managed PAs, one is inhabited by new residents (Cruce a la Colorada), two by past residents (Carmelita and Uaxactún), and the rest belong to non-resident communities that live outside the Maya Biosphere Reserve. Also relevant for our study, these Community Managed PA’s became proponents with the PAs service (CONAP) of the REDD+ program GuateCarbon since 2012 (Hodgdon et al., 2013). GuateCarbon aims to offset 33 million tons of CO2-eq from avoided deforestation over a 30-year life span applying a baseline that involves the department of Petén and models future deforestation based on key variables such as roads, population density, markets, and development plans (Hodgdon et al., 2013; Verra, 2017).


TABLE 1. Protected Areas (PAs) categories included in the department of Petén (Guatemala) and the state of Acre (Brazil).
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The state of Acre in the Brazilian Amazon has also developed conservation policies and social organizations that emerged from forest communities. During the 1970’s the expansion of cattle ranching and land speculation in the Brazilian amazon created conflicts with rubber tappers and concern among environmental organizations (Cronkleton et al., 2008; Rosa Da Conceição and Börner, 2020). A converging pressure from environmental organizations, the growing social movement of rubber tappers to defend their lands and livelihoods, and the later assassination of rubber tapper leader Chico Mendes in 1988 influenced the creation of two federal Extractive Reserves in Acre (Rosa Da Conceição and Börner, 2020). Since the 1990s, the state of Acre developed policies that incentivized investments in sustainable economic activities, economic and ecological zoning (Pfaff et al., 2014), and in 2010 established the System of Incentives for Environmental Services (SISA) that relies on international and national funding (Sills et al., 2014; Rosa Da Conceição and Börner, 2020). This system includes a pioneer jurisdictional REDD+ program, ISA-Carbono, which involved payments for demonstrated emission reductions between 2012 and 2015 for the first implementation phase (Sills et al., 2014; Rosa Da Conceição and Börner, 2020). Since 2017, the second phase of ISA-Carbono has been under implementation (IMC, 2020). The program includes as beneficiaries forest extractivists (including rubber tappers), indigenous communities, and small colonist farmers (Sills et al., 2014). Furthermore, these policies led to the declaration of multiple PAs, including strict PAs (IUCN V-VI) such as National Parks, State Parks, and Environmental Protection Areas. There is also a diverse group of PAs that allow sustainable use, here defined as Sustainable Use PAs, including IUCN VI PAs (e.g., National and State forests) and settlements in public forests that lack an IUCN status. Considering that our study focuses on non-indigenous forest communities, we do not assess Indigenous Territories and their overlaps with PAs. Undesignated public forests are also excluded from the study because they are not considered PAs (Serviço Florestal Brasileiro, 2020). As active Community Concessions in Petén (Guatemala), we define Extractive Reserves in Acre (Brazil) as Community Managed PAs, given the relatively unified social organizations behind the establishment of these areas (Cronkleton et al., 2008; Gomes et al., 2018; Millner et al., 2020). We include the following five Extractive Reserves in our study: Chico Mendes, Cazumbá-Iracema, Alto Juruá, Alto Tarauacá, and Riozinho da Liberdade. Finally, any public and private land that is not categorized as PA, buffer zone, Indigenous Territory, or Private Concessions was defined as Other Land.



Spatial Data and Processing

PAs and other land tenures were spatially delineated from multiple sources (Table 2). The World Database on Protected Areas (UNEP-WCMC and IUCN, 2021) was used to establish the boundaries and IUCN categories of Strict PAs and some Sustainable Use PAs in Petén (Guatemala) and Acre (Brazil). The boundaries and status of Community Managed PAs (i.e., Community Concessions) and Sustainable Use PAs in the Maya Biosphere Reserve (Petén) were confirmed from data curated by ACOFOP. Indigenous Territories and their overlaps with PAs in Acre were defined from data curated by RAISG (Amazon Geo-referenced Socio-Environmental Information Network). The “Cadastro Nacional de Florestas Públicas” (National survey of public forests) from the Brazilian government allowed to identify settlements in public forests (Sustainable Use PAs) and undesignated public forests (Serviço Florestal Brasileiro, 2020). These geospatial datasets defined land tenure and, therefore, the treatment group (i.e., Community Managed PAs) and control groups (Other Lands, Sustainable Use PAs, and Strict PAs).


TABLE 2. Geospatial data included in the study.
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In our statistical analyses, annual carbon stocks and avoided land-use carbon emissions were the response variables. We determined carbon stocks dynamics in both Petén (Guatemala) and Acre (Brazil) from annual carbon density maps (∼500 m resolution) generated by the Woodwell Climate Research Centre between 2003 and 2015 (Baccini et al., 2021) and explained in detail by Baccini et al. (2012, 2017) and Walker et al. (2020). This time frame is segmented in three time periods: 2003–2007, 2008–2011, and 2012–2015. The first period is Pre-REDD+ considering that the program was launched at the Bali COP in 2007. We define the second period as REDD+-Readiness due to the international coordination that led to MRV systems (Monitor, Report, and Verify) and safeguards that influenced the design of GuateCarbon in Petén (Guatemala) and ISA-Carbono in Acre (Brazil) before 2012. Finally, the latest period, REDD+ implementation, corresponds to the beginning of the crediting period of GuateCarbon and the first payments for demonstrated emission reductions in ISA-Carbono.

Agriculture suitability and market access conditions were used as spatial location covariates associated with carbon stocks dynamics in Petén (Guatemala) and Acre (Brazil) (Table 2). Elevation, slope, precipitation, and temperature were included as spatial location covariates involved in agricultural suitability, following previous quasi-experimental studies (Pfaff et al., 2014; Blackman, 2015; Blackman and Veit, 2018; Alejo et al., 2021). Elevation and slope were obtained from CGIAR-SRTM Version 4 (Reuter et al., 2007; Jarvis et al., 2008). 30-year (1970–2000) mean average precipitation and temperature were obtained from WorldClim’s Version 2.1 (Fick and Hijmans, 2017, 2020). Additionally, we included population density and travel time to the nearest city, which have been used to control the influence of market access (Nelson and Chomitz, 2011; Negret et al., 2020). We determined population density in 2002, 2007 and 2011 from the WorldPop database [Worldpop, and Center for International Earth Science Information Network (CIESIN), 2020]. Travel time to cities with more than 50,000 people was obtained from Nelson (2008) in 2000 and Weiss et al. (2018) in 2015. By resampling tenure and covariate data to carbon density maps’ spatial resolution (∼500 m), we created observation units with carbon density estimates, land tenure, and covariates. The Supplementary Material summarizes the carbon stocks (Supplementary Table 2), total carbon storage (Supplementary Table 3), agriculture suitability (Supplementary Table 4), and market access data (Supplementary Table 5) for each jurisdiction and land tenure. All geoprocessing was performed with the R packages sf (Pebesma et al., 2021a) and stars (Pebesma et al., 2021b).



Matching Analysis

To control for spatial location and infer the effectiveness of Community Managed PAs on carbon stocks dynamics relative to Other Lands, Sustainable Use PAs, and Strict PAs, we performed matching analysis and linear mixed models following Alejo et al. (2021). Matching analysis removes heterogeneous observations and creates a subset of treatment and control observations with similar covariate values, reducing the association of a treatment variable with covariates (Diamond and Sekhon, 2012). Here, the treatment variable corresponded to areas designated as Community Managed PAs, and matching created subsets of observations in the treatment and control (i.e., Other Lands, or Sustainable Use PAs, or Strict PAs) with similar slope, elevation, precipitation, temperature, population density, and time travel to cities. Thus, matching analysis was applied to compare Community Managed PAs with Other Lands, Sustainable Use PAs, and Strict PAs independently. Additionally, matching analysis was performed in the three time periods aforementioned: 2003–2007, 2008–2011, and 2012–2015. Each matching analysis only included PAs that were established at least a year before a time period. It is worth noting that the extent of Community Managed PAs increased 5.5% during the second time period in Acre but did not vary in Petén (Supplementary Table 1). Similarly, population density estimates corresponded to the previous year in a time period (e.g., 2002 population density to 2003–2007). Regarding time travel to cities, the 2000’s estimates were applied for the periods 2003–2007 and 2008–2011, while the 2015’s estimates were applied for 2012–2015. Using different time periods guarantees an accurate, updated, and conservative assessment of Community Managed PAs’ performance that accounts for changes in land tenures extents and changing conditions in covariates. All matching analyses were performed through coarsened exact matching (CEM) (Iacus et al., 2015) in the R package MatchIt (Ho et al., 2015) that allows users to define intervals of equivalent covariate values. For instance, the travel time to cities was restricted to 60 min intervals, making traveling times between 61 and 120 min “equivalent.” CEM’s approach created a subset of observations with a covariate balance between Community Managed PAs (i.e., the treatment) and each control in Petén (Guatemala) and Acre (Brazil). The unmatched and matched covariate balances were assessed through standardized mean differences and variance ratios (Stuart, 2010) using the R package Cobalt (Greifer, 2021).



Temporal Effects on Carbon Stocks Dynamics

After matching analysis, we used linear mixed models to estimate the temporal effect of Community Managed PAs on carbon stocks and avoided carbon emissions relative to Other Lands, Sustainable Use PAs, and Strict PAs. The effects of Community Managed PAs on carbon stocks derived from the general expression:
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Where yt corresponded to carbon density in year t, the outcome variable, and b0t was the fixed intercept. b1t and xp were the fixed effect slope in year t and predictor of the treatment in the period p (i.e., a dummy for Community Managed PAs), respectively. β was a vector of additional fixed effects for a vector of predictors Zp, containing the covariates elevation, slope, temperature, precipitation, population density, and travel time to cities. Including the covariates as fixed effects span any remaining imbalances from the matched subsets, providing further control on the influence of market accessibility and agricultural suitability, and therefore, conservative estimates of Community Managed PAs’ effects on carbon stocks dynamics. The matched sub-group (matched observation units in treatments and control with similar covariate values) was the random effect et to account for the structure of the matched subsets. We slightly modified the previous expression to calculate the avoided carbon emissions as:
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In this case, Δyp represents the net change in carbon density for a time period p of 4 years. The linear mixed models in (1) were estimated annually in 2007, 2011, and 2015 and the linear mixed models in (2) were estimated in 2003–2007, 2007–2011, and 2011–2015.

We focused on two parameters in (1) and (2) to estimate the temporal effect of Community Managed PAs on carbon stocks and avoided carbon emissions. The fixed effects intercept bot in (1) refers to the average annual carbon density found in the controls (i.e., Other Lands, Sustainable Use PAs, or Strict PAs) and represent the carbon stocks baselines for Community Managed PAs. b1t (1) refers to the annual average differences of carbon stocks between the treatment (i.e., Community Managed PAs) and the controls. Thus, a positive effect in (1) implies that Community Managed PAs would store higher carbon stocks than a given control after controlling for spatial location. Regarding (2), the fixed effects intercept bop refers to the average change in carbon density found in the controls. b1p (2) compares the average change of carbon stocks in the treatment and the control group over a 4 years period. A positive effect in (2) transformed to CO2-eq implies that Community Managed PAs avoided more carbon emissions than a given control after controlling for spatial location. In other words, the temporal effects derived from the matching analysis together with the linear mixed models allowed us to estimate if Community Managed PAs stored larger carbon stocks and avoided more CO2-eq emissions than Other Lands, Sustainable Use PAs, and Strict PAs.



Spatial Effects on Carbon Stocks Dynamics

To estimate the spatial heterogeneity of the temporal effects, we used geographic discontinuity designs. Following Keele and Titiunik (2015) and similar to Alejo et al. (2021), the geographic discontinuity designs aimed to estimate the effect of Community Managed PAs boundaries on preserving carbon stocks and avoiding CO2-eq emissions (hereafter, spatial effects) relative to surrounding Other Lands, Sustainable Use PAs, and Strict PAs. These geographic discontinuity designs are based on two assumptions. First, the treatment assignment occurs as-if randomized when controlling for covariates and geographic distance (i.e., the distance among treatment and control observations throughout a boundary) (Keele et al., 2015). Derived from the first assumption, the second assumption establishes that the spatial effect is a function of the treatment of interest (Keele and Titiunik, 2015), implying that Community Managed PAs boundaries influence carbon stocks and CO2-eq emissions.

The assumptions above were supported by employing CEM to find treatment and control observations with the equivalent covariates (i.e., slope, elevation, temperature, precipitation, population density, and travel time to the nearest city) and additionally including the geographic distance. Particularly, we controlled for geographic distance by performing matching analyses throughout four buffer zones inside and outside the boundaries of Community Managed PAs: 0–1, 0–5, 0–10, and 0–15 km. We chose these distances based on previous studies showing that natural vegetation (Joppa et al., 2008) and carbon stocks (Alejo et al., 2021) increase inside the boundaries of PAs and stabilize at ∼15 km. Thus, when matching treatment and control observations in buffer zones 0–1 km, we included matches across a 2-km radius. Similarly, in 0–15-km buffer zones, we matched observations across a 30-km radius.

As the temporal effects, the covariate balance before and after matching in the four buffer zones was assessed through standardized mean differences and variance ratios. As suggested by Keele et al. (2015), we provided further support to the geographic discontinuity designs by performing falsification tests. These tests imply that each covariate in Zp was treated as an outcome variable yp according to the linear mixed models above. The falsification tests showed that Community Managed PAs (xp) had negligible effects on the covariates (b1p) after matching. These geographic discontinuity designs guarantee that observations inside and outside the boundaries of Community Managed PAs will occur as-if randomized and be valid counterfactuals by sharing a distance to boundaries (e.g., 0–1 km), covariate values (e.g., 0–60 min travel distance to cities), and geographic distance (e.g., 2 km radius). Furthermore, if the assumptions above hold across the multiple buffer distances to Community Managed PAs boundaries, it is possible to estimate the heterogeneity of the spatial effects. This heterogeneity represents the variation of carbon stocks and avoided carbon emissions as the distance to Community Managed PAs’ boundaries increase.



Sensitivity Analysis

Combining matching analysis and linear models, like those mentioned above, controls the effects of observed covariates and others unobserved but correlated (Stuart, 2010). We used sensitivity analyses to assess the effect of unobserved covariates unrelated to the observed covariates but related to the treatments and their effects (Liu et al., 2013). Specifically, we estimated the E-value as applied in Alejo et al. (2021) with the R package E-value (Mathur et al., 2021) for all spatial and temporal effects. The E-value is a metric that represents the minimum strength that an unmeasured covariate would need to have with the treatment and its effect for the treatment and effect association not to be causal (VanderWeele and Ding, 2017). Following the procedure justified by VanderWeele and Ding (2017), the E-value derives from estimating the Effects Ratio (ER), which at the same time derives from the temporal and spatial effects. In our study, the temporal and spatial effects are transformed into an Effects Ratio (ER) (equivalent to a risk ratio in the epidemiological literature) that compares the probability of a positive effect in the treatment with the probability of a positive effect in the control. ERs greater than 1 indicate a greater probability that Community Managed PAs will store higher carbon stocks or avoid larger emissions than Other Lands, Sustainable Use PAs, or Strict PAs. For instance, a hypothetical ER of 2 may imply that Community Managed PAs are two times more likely to avoid higher carbon emissions than Other Lands. Following this hypothetical case, an E-value of 3 indicates that the ER of 2 could be explained away by an unmeasured covariate that was associated with both Community Managed PAs and carbon emissions each by three-fold, above and beyond the observed covariates. At the same time, an E-value lower than 3 could not alter the ER, and consequently, the temporal effect of Community Managed PAs. In other words, the E-value assesses the strength of an unobserved covariate to alter the temporal and spatial effects of Community Managed PAs on carbon stocks dynamics. All geospatial and statistical analyses aforementioned were performed in R version 4.1.0 (R Core Team, 2021).




RESULTS

We estimated the effectiveness of Community Managed PAs on carbon stocks dynamics temporarily and spatially relative to Other Lands (i.e., unprotected), Sustainable Use PAs (IUCN V-VI or equivalent), and Strict PAs (IUCN I-IV) in Petén (Guatemala) and Acre (Brazil). Before controlling for market access and agriculture suitability covariates, Community Managed PAs in both jurisdictions throughout 2003 and 2015 stored >20 tC/ha compared to Other Lands, >10 tC/ha compared to Sustainable Use PAs, and <10 tC/ha compared to Strict PAs (Supplementary Table 2). However, these land tenures are not directly comparable, as they are subject to different levels of market access and agriculture suitability (Figure 2 and Supplementary Tables 4, 5). For example, Petén’s mean population density in Strict PAs and Other Lands was nearly five times (∼11 people/km2) and ten times (∼23 people/km2) higher than Community Managed PAs (∼2.5 people/km2) in 2002, respectively. Similarly, travel times to cities in 2000 in Acre ranged between 17 h in Sustainable Use PAs to 39 h in Community Managed PAs. Furthermore, the influence of these spatial location covariates changes at different paces depending on land tenure. For instance, in Petén, Community Managed PAs travel time to cities in 2015 reduced by 20 min compared to 2000. However, the same comparison in Other Lands led to a reduction of 3 h in travel time. These differences show that spatial location covariates influencing carbon stocks dynamics even vary among Community Managed PAs and other categories of PAs in Petén and Acre.
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FIGURE 2. Covariates standard mean differences between Community Managed PAs and Other Lands, Sustainable Use PAs, and Strict PAs before (Unmatched) and after matching analysis (Matched) in the Petén (Guatemala) and Acre (Brazil).



Temporal Effects on Carbon Stocks and Avoided Carbon Emissions

To control the influence of spatial location and estimate the effectiveness of Community Managed PAs on carbon stocks dynamics, we used matching analysis and linear mixed models in three periods of time: 2003–2007, 2007–2011, and 2011–2015 (Figure 2 and Supplementary Figure 1). First, we estimated the temporal effects of Community Managed PAs on annual carbon stocks (Figure 3). These effects describe the annual mean difference of carbon stocks between Community Managed PAs and different land tenures. The temporal effects in 2007, 2011, and 2015 show that Community Managed PAs stored significantly different carbon stocks (p < 0.05) compared with Other Lands, Sustainable Use PAs, and Strict PAs. During 2007 Petén’s Community Managed PAs stored around ∼130% (44 tC/ha) more carbon stocks than Other Lands. This effect was moderate with Sustainable Use PAs (∼15%: 8 tC/ha), and Strict PAs (∼5%; 2 tC/ha). In 2011, these spatial effects increased over all land tenures, but only increased over Strict PAs during 2015 (9.4%; 6.5 tC/ha). Translated into Effects Ratios, Community Managed PAs in Petén were between 29 and 1.75 times more likely to store higher carbon stocks than Other Lands and Strict PAs in 2015, respectively (Figure 4). According to sensitivity analyses, these temporal Effects Ratios could be explained away by unmeasured covariates with Effects Ratios (i.e., E-values) ranging 50 (Other Lands) and 2.8 (Strict PAs), but weaker unmeasured covariates could not do so. Hence, Community Managed PAs’ effects on carbon stocks were robust across different land tenures in Petén.
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FIGURE 3. The temporal effects of Community Managed PAs on carbon stocks in Petén (Guatemala) and Acre (Brazil). Significant (p < 0.05) temporal effects are represented as blue bars and percentages, indicating the additional/fewer carbon stocks secured by Community Managed PAs relative to the carbon stocks baselines of Other Lands (gray), Sustainable Use PAs (light green), and Strict PAs (dark green). Error bars indicate 95% confidence intervals for the baselines and temporal effects.
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FIGURE 4. Sensitivity analysis in the temporal effects of Community Managed PAs on carbon stocks in Petén (Guatemala) and Acre (Brazil). The temporal effect ratio (unitless) is equivalent to the probability of a positive temporal effect in the treatment (i.e., Community Managed PAs) divided by the probability of a positive temporal effect in the controls (i.e., Other Lands, Sustainable Use PAs, and Strict PAs). The E-value represents the minimum strength that an unmeasured covariate would need to have with the treatment and the temporal effect for the treatments and temporal effect association not to be causal.


Compared to Petén, the effects of Community Managed PAs were milder in Acre, and the highest difference on carbon stocks in 2007 occurred with Other Lands (9.3%; 10 tC/ha) followed by Sustainable Use PAs (6.8%; 8 tC/ha). After 2011, these effects reduced below 2% (i.e., 4.2 tC/ha in Other Lands and 3.9 tC/ha in Sustainable Use PAs), resulting in less robust effects that were more likely to be changed by unobserved covariates (Effects Ratios = 1.08, E-values = 1.38). Conversely, Community Managed PAs in Acre stored 2.3% (−4 tC/ha) less carbon than Strict PAs, but this effect increased in 2011 (−1.26%; −2 tC/ha) and 2015 (−1%; −1.5 tC/ha). These findings suggest that Community Managed PAs in both jurisdictions maintained higher carbon stocks than the other land tenures throughout 2007, 2011 and 2015, except when compared to Strict PAs in Acre. Moreover, Petén’s Community Managed PAs have increased their effect on carbon stocks, whereas Acre’s tended to reduce theirs.

In addition to estimating Community Managed PAs temporal effects on carbon stocks, we estimated their temporal effects on avoided CO2 equivalent emissions (Figure 5). These effects derive from the differences in carbon stock changes between Community Managed PAs and different land tenures in the periods 2003–2007, 2007–2011, and 2011–2015. After controlling for covariates, the results exhibit that Community Managed PAs in Petén and Acre have a significant net effect on avoided carbon emissions (p < 0.05). For Petén, Community Managed PAs avoided more carbon emissions than Other Lands (∼ 47 tCO2-eq/ha), Sustainable Use PAs (9.3 tCO2-eq/ha) and Strict PAs (4.3 tCO2-eq/ha) throughout the period 2003–2007. In the period 2007–2011, these effects reduced more than half relative to Other Lands (∼19 tCO2-eq/ha) and Strict PAs (1.59 tCO2-eq/ha). Further reductions in 2011–2015 resulted in effects that ranged between 4.6 tCO2-eq/ha (Other Lands) and 1.95 tCO2-eq/ha (Strict PAs). When translated into Effects Ratios (Figure 6), Petén’s Community Managed PAs were 3.4 times more likely to avoid carbon emissions than Other Lands in the period 2003–2007. To explain away these effects, unobserved covariates would have required effect ratios (i.e., E-value) of at least 5.85. In this case, the Effects Ratio and E-values in the period 2011–2015 reduced to 1.3 and 1.92, respectively. Similarly, the temporal effects over Sustainable Use and Strict PAs in Petén were slightly less robust (Effects Ratios of 1.17 and 1.33, respectively) to unobserved covariates (E-values of 1.90 and 1.5, respectively) in the period 2011–2015. These findings imply that reductions in avoided carbon emissions result in less robust effects to unobserved covariates.
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FIGURE 5. The temporal effects of Community Managed PAs on avoided carbon emissions in Petén (Guatemala) and Acre (Brazil). Positive temporal effects (p < 0.05) indicate net avoided carbon emissions relative to Other Lands (gray), Sustainable Use PAs (light green), and Strict PAs (dark green). Error bars indicate 95% confidence intervals for temporal effects.
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FIGURE 6. Sensitivity analysis in the temporal effects of Community Managed PAs on avoided carbon emissions in Petén (Guatemala) and Acre (Brazil). The temporal effect ratio (unitless) is equivalent to the probability of a positive temporal effect in the treatment (i.e., Community Managed PAs) divided by the probability of a positive temporal effect in the controls (i.e., Other Lands, Sustainable Use PAs, and Strict PAs). The E-value represents the minimum strength that an unmeasured covariate would need to have with the treatment and the temporal effect for the treatments and temporal effect association not to be causal.


As Community Managed PAs in Petén, their effects in Acre were significant on avoided carbon emissions (Figure 5). Between 2003 and 2007, Community Managed PAs in Acre resulted in net avoided emissions compared to Other Lands (8 tCO2-eq/ha), Sustainable Use PAs (7.2 tCO2-eq), and Strict PAs (1.7 tCO2-eq). Except for Strict PAs (1.8 tCO2-eq/ha), these effects decreased in relation to Other Lands (3.2 tCO2-eq/ha) and Sustainable Use PAs (5.8 tCO2-eq/ha) during 2007–2011. The same comparison between 2011 and 2015 resulted in further decreases. Community Managed PAs from Acre avoided emissions of 2.15 tCO2-eq/ha (Other Lands), 3.75 tCO2-eq/ha (Sustainable Use PAs), and 0.98 tCO2-eq/ha (Strict PAs). Expectedly, a reduction in avoided carbon emissions results in less robust effects that could be explained away by unobserved covariates (Figure 6). For example, Community Managed PAs were 1.18 times more likely to avoid carbon emissions than Other Lands in 2003–2007, and only an effect on unobserved covariates of 1.6 (i.e., E-value) or higher could explain away this association. During 2011 and 2015, those values dropped to an Effects Ratio of 1.08 and E-value of 1.35. These temporal effects indicate that Community Managed PAs in Petén and Acre conserved carbon stocks by avoiding more carbon emissions than Other Lands, Sustainable Use PAs, and Strict PAs. Moreover, these effects and their robustness toward unobserved covariates tended to reduce throughout 2007–2011 and 2011–2015. Nevertheless, the reduced effects of Community Managed PAs seem to be driven by a reduction in carbon emissions throughout Other Lands, Sustainable Use PAs, and Strict PAs (Supplementary Figure 2).



Spatial Effects on Carbon Stocks and Avoided Emissions

We further assessed the effectiveness of Community Managed PAs by exploring their carbon stocks and avoided emissions relative to their surroundings after controlling for spatial location (Supplementary Figures 3–5) through geographic discontinuity designs. Specifically, these spatial effects compared the carbon stocks and avoided emissions inside and outside Community Managed PAs’ at 1, 5, 10, and 15 km from their boundaries in the years and periods aforementioned. Overall, both jurisdictions display spatial effects on carbon stocks that partially resemble the temporal effects, where Community Managed PAs effectiveness is more evident over Other Lands and Sustainable Use PAs. However, each jurisdiction corresponds to specific geographical settings.

Regarding Petén, Community Managed PAs do not share boundaries with Other Lands and are embedded inside the Maya Biosphere Reserve (Figure 1). When compared to neighboring Sustainable Use PAs in 2007, Community Managed PAs stored additional carbon stocks between 1.5% (1.2 tC/ha) at 1 km and ∼12% at 15 km (8.3 tC/ha) and therefore Effects Ratios between 1.2 and 1.8-fold, respectively (Figures 7, 8). Instead, Community Managed PAs in Petén only stored significantly higher carbon stocks than surrounding Strict PAs at 10 km (∼ 4.2%; 3 tC/ha) and 15 km (8.1%; 5.8 tC/ha) from their boundaries in 2007, which translate in Effects Ratios of 1.4 and 1.8, respectively. These results imply that Community Managed PAs were ∼1.8 times more likely to store higher carbon stocks than Sustainable Use PAs and Strict PAs at 15 km in 2007, requiring unobserved covariates with Effects Ratios (i.e., E-values) larger than 3 to explain away this association. In both comparisons, the spatial effects increased in 2011, ranging between 0.5 and 2.4%. In 2015, there were slight variations (−4%; 7%) in the spatial effects that usually resulted in larger effects than in 2007. Thus, Community Managed PAs in Petén maintained higher and more stable carbon stocks than their surroundings until 2015 (Supplementary Figure 6).
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FIGURE 7. The spatial effects of Community Managed PAs on carbon stocks during 2007, 2011, and 2015 in Petén (Guatemala) and Acre (Brazil). The points and percentages are the spatial effects, indicating the additional/fewer carbon stocks secured inside the boundaries of Community Managed PAs relative to Other Lands (gray), Sustainable Use PAs (light green), and Strict PAs (dark green).
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FIGURE 8. Sensitivity analysis in the spatial effects of Community Managed PAs on carbon stocks in Petén (Guatemala) and Acre (Brazil). The spatial effect ratio (unitless) is equivalent to the probability of a positive spatial effect in the treatment (i.e., Community Managed PAs) divided by the probability of a positive spatial effect in the controls (i.e., Other Lands, Sustainable Use PAs, and Strict PAs). The E-value represents the minimum strength that an unmeasured covariate would need to have with the treatment and the spatial effect for the treatments and spatial effect association not to be causal.


Acre’s Community Managed PAs, which did not share boundaries with Strict PAs in 2003, had significant effects over Other Lands and Sustainable Use PAs that also increased with distance (some Strict PAs were founded after 2003 but were included after 2007 in this analysis) (Figure 7). For instance, these areas stored significantly higher carbon stocks than Other Lands with effects that ranged between 5.6% at 1 km (7 tC/ha) and 15.3% at 15 km (20 tC/ha) in 2007. However, Community Managed PAs effects over Other Lands and Sustainable Use PAs in Acre decreased and resulted in effects below 10 tC/ha at 15 km in 2015. In other words, Community Managed PAs in 2007 were around 1.6 and 2 times more likely to store higher carbon stocks than Sustainable Use PAs and Other Lands at 15 km (E-values 2.4–3.2) (Figure 8). However, these Effects Ratios dropped to ∼1.3 in 2015, becoming less robust to unobserved covariates (E-values <1.9). Contrasting Petén, Community Managed PAs’ effect in Acre was not significantly different from Strict PAs at 1 km and 15 km and was significantly lower at 5 km and 10 km in 2007 and 2015. Given the relative stability of carbon stocks in surrounding land tenures (Supplementary Figure 7), the reducing spatial effects on carbon stocks in Acre seem to be driven by Community Managed PAs. Consequently, except for Strict PAs in Acre, Community Managed PAs tended to store higher carbon stocks than surrounding land tenures. This effect increased and became more robust to unobserved covariates with the distance to boundaries. However, Petén’s Community Managed PAs spatial effects remained relatively stable when compared to surrounding lands throughout 2011 and 2015, whereas Acre’s resulted less effective during the same period.

Community Managed PAs’ spatial effects on avoided emissions partially explain the changing effects on carbon stocks in Petén and Acre (Figure 9). The spatial patterns of avoided emissions in Petén resemble those on carbon stocks. Compared to surrounding Sustainable Use PAs and Strict PAs in the 2003–2007 time period, Community Managed PAs did not significantly avoid more emissions at 1 km but had significant effects at 10 and 15 km from their boundaries. For instance, Community Managed PAs avoided around 7.8 (Strict PAs) and 4.1 tCO2-eq/ha (Sustainable Use PAs) at 15 km. During 2007–2011, Community Managed PAs resulted in more avoided emissions than Sustainable Use PAs, resulting in 1 tCO2-eq/ha at 1 km and 8.1 tCO2-eq/ha at 15 km from their boundaries. Relative to Strict PAs, these effects were more moderate in the same period (<2 tCO2-eq/ha). Finally, in 2011–2015, the net avoided emissions inside Community Managed PAs boundaries had a wider range relative to Sustainable Use PAs (1–9 tCO2-eq/ha) and increased relative to Strict PAs (1–3.8 tCO2-eq/ha). These spatio-temporal changes in avoided emissions are reflected in stable or even increasing robustness of the effects toward unobserved covariates (Figure 10). In other words, Community Managed PAs’ boundaries have robust effects that increased avoided emissions until 2015.


[image: image]

FIGURE 9. The spatial effects of Community Managed PAs on avoided carbon emissions in Petén (Guatemala) and Acre (Brazil). Positive spatial effects indicate net avoided carbon emissions relative to Other Lands (gray), Sustainable Use PAs (light green), and Strict PAs (dark green). Error bars indicate 95% confidence intervals for temporal effects.
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FIGURE 10. Sensitivity analysis in the spatial effects of Community Managed PAs on avoided carbon emissions in Petén (Guatemala) and Acre (Brazil). The spatial effect ratio (unitless) is equivalent to the probability of a positive spatial effect in the treatment (i.e., Community Managed PAs) divided by the probability of a positive spatial effect in the controls (i.e., Other Lands, Sustainable Use PAs, and Strict PAs). The E-value represents the minimum strength that an unmeasured covariate would need to have with the treatment and the spatial effect for the treatments and spatial effect association not to be causal.


Regarding Acre, the avoided carbon emissions did not necessarily increase within the distance to boundaries. Relative to Other Lands, Community Managed PAs only avoided emissions at 10 km (4.4 tCO2-eq/ha) and 15 km (6.6 tCO2-eq/ha) from their boundaries in the period 2003–2007. These effects subsequently reduced in 2007–2011, and in 2011–2015 resulted in no significant differences in avoided emissions with Other Lands. Compared to surrounding Sustainable Use PAs, the avoided emissions oscillated throughout the three-time periods. During 2003–2007, Community Managed PAs at 1 and 15 km avoided around ∼ 0–7.6 tCO2-eq/ha, 4.2–5.3 tCO2-eq/h in the subsequent period, and 5–8.2 tCO2-eq/h in 2011–2015. Community Managed PAs in Acre avoided more carbon emissions than surrounding Strict PAs in 2007–2011 (>1.3 tCO2-eq/h) and 2011–2015 (>0.7 tCO2-eq/h) at 5 and 10 km from their boundaries, but these effects were the least robust to unobserved covariates in 2011–2015 (e.g., Effects Ratio = 1.07 and E-value = 1.12 at 5 km). Overall, these results indicate that in both jurisdictions, Community Managed PAs are more effective in avoiding carbon emissions than neighboring Sustainable Use PAs, and Strict PAs, to a lower extent. According to the spatial effects on carbon stocks and avoided emissions, the effectiveness of Community Managed PAs’ boundaries exhibit differences across jurisdictions. In Petén, as the distance to Community Managed PAs boundaries increase, more emissions are avoided inside, resulting in additional carbon stocks, and usually, more robust effects to unobserved covariates from 2003 until 2015. The results in Acre indicate that Community Managed PA’s boundaries have become less effective in avoiding emissions, which translates into reduced carbon stocks, and spatial effects that are more prone to the influence of unobserved covariates.




DISCUSSION

Our study estimates Community Managed PAs’ effect on carbon stocks and avoided carbon emissions in the Department of Petén (Guatemala) and the state of Acre (Brazil). Particularly, we focus on the temporal and spatial effects of Community Concessions in Petén and Extractive Reserves in Acre, relative to Other Lands (i.e., unprotected), other Sustainable Use PAs, and Strict PAs using matching methods and geographic discontinuity designs. Our results highlight that Community Managed PAs not only differ from Other Lands in market access and agriculture suitability but also differ with Sustainable Use PAs (i.e., IUCN V-VI or equivalent) and Strict PAs (i.e., IUCN I-IV). After controlling for these spatial covariates, the results indicate that Community Managed PAs in Petén and Acre effectively maintain carbon stocks and avoid carbon emissions.


The Effectiveness of Community Managed Protected Areas

The effectiveness of Community Managed PAs on carbon stocks dynamics varied across jurisdictions and land tenures used as counterfactuals. Overall, our results are consistent with earlier studies highlighting the effectiveness of PAs that allow non-industrial extractive activities over Other Lands that lack protection. Compared to Other Lands, and not comparing PAs directly, Nelson and Chomitz (2011) show that Sustainable Use PAs result in lower fire incidence than Strict PAs across Latin America and the Caribbean. This indirect comparison has also established the effectiveness of Community Managed PAs on avoided deforestation (i.e., Community Concessions) in Petén (Blackman, 2015). Our results are consistent with these findings and additionally established that current Community Concessions in Petén are more effective than Sustainable Use PAs and Strict PAs in conserving carbon stocks and avoiding carbon emissions. That is, National Parks, Multiple Use Zones in the Maya Biosphere Reserve (e.g., Cooperatives, revoked concessions) and PAs with IUCN category V-VI across Petén. Similar to Pfaff et al. (2014) and Koskimäki et al. (2021), our results also established that Community Managed PAs (i.e., Extractive Reserves) in Acre (Brazil) have a significant role in forest conservation. Further direct comparisons with multiple land tenures in our study indicate that the greatest impacts of Extractive Reserves on carbon stocks dynamics occur over Other Lands, followed by Sustainable Use PAs (e.g., National Forests, State Forests, Settlements in public forests). Extractive Reserves in Acre were also more effective than Strict PAs in avoiding carbon emissions, but slightly less effective in storing carbon stocks, and not consistently different from Strict PAs in their vicinity.

However, our results are not consistent with studies that directly compare different categories of PAs. For example, Elleason et al. (2021) found that across the neotropics, Strict PAs have lower deforestation than other PAs. Similarly, Strict PAs in Indonesia, Thailand, and to a limited extent in Bolivia and Costa Rica, result in higher avoided deforestation when they are directly compared to Sustainable Use PAs (Ferraro et al., 2013). This lack of consistency might be explained by two factors in our study design. First, our study is more similar to Andam et al. (2013), which compare Sustainable Use PAs to Other Lands and Strict PAs in terms of avoided deforestation and additional regrowth. By using annual carbon stocks and avoided carbon emissions as outcome variables, our study design provides an integral assessment on Community Managed PAs, reflecting their effectiveness on avoided deforestation, and additionally, on avoided degradation and recovery. Furthermore, regardless of the relative effectiveness of Strict PAs over less strict PAs (here, Sustainable Use and Community Managed PAs), the differences tend to be modest and even statistically insignificant in previous studies and in our own findings. Thus, our results exhibit that Community Managed PAs in Petén and Acre are more effective than Other Lands and Sustainable Use PAs, and at least as effective as Strict PAs, in preserving carbon stocks and avoiding emissions.



Jurisdictional and Local Land-Use Dynamics

Despite the effectiveness over different land tenures, Community Managed PAs in Petén and Acre exhibit an overall reduction in their capacity to avoid carbon emissions. This reduced capacity does not necessarily imply increasing carbon losses in Community Managed PAs. After controlling for covariates, our results suggest that Other Lands, Sustainable Use PAs, and Strict PAs have reduced and stabilized their carbon emissions, causing more moderate net avoided emissions on Community Managed PAs. Jurisdictional land-use dynamics may explain these reducing spatial effects. Across Petén, extending forests fires and deforestation have been reported since the 1980s (Bray et al., 2008; Radachowsky et al., 2012), and they seem to have increased in the 2000s, followed by a reduction in the early 2010s (Hodgdon et al., 2015; Bullock et al., 2020; Global Forest Watch, 2021). This temporal pattern coincides with the large expansion of oil palm in southern Petén during the 2000s that partially dropped in the 2010s (Hervas, 2021). In Acre, deforestation reached a peak in the early 2000s and then reduced throughout the 2000s and early 2010s (INPE, 2020). The reduction of deforestation in the Brazilian Amazon seems in part explained due to a reduced pressure on old forest frontiers with consolidated rural areas, which corresponds to the northern part of Acre (Schielein and Börner, 2018). Consequently, the reduced effectiveness of Community Managed PAs on avoided carbon emissions in Petén and Acre partially correspond to a jurisdictional-wide reduction in land-use pressure over forests.

The spatial effects reflect some local land-use dynamics that are not evident in the temporal effects. Petén’s Community Managed PAs boundaries have maintained larger carbon stocks and avoid more emissions compared to neighboring Sustainable Use PAs and Strict PAs between 2003 and 2015. According to Devine et al. (2020), Laguna del Tigre National Park (Strict PA) and Multiple Use Zones (Sustainable Use PAs) that share boundaries with some Community Managed PAs have been subject to forest clearing, land speculation, and land grabbing. Acre’s Community Managed PAs between 2007 and 2015 reduced their effect on carbon stocks and avoided emissions, which contrasts with relatively stable carbon dynamics in Other Lands and Sustainable Use PAs in their vicinity. This reduced effectiveness is directly attributable to Community Managed PAs and might be explained by the diversification of income activities. Traditionally, households in Acre’s Community Managed PAs relied on the extraction of natural rubber (H. brasiliensis) and Brazil nut (B. excelsa) but have recently incorporated cattle ranching (Duchelle et al., 2014; Maciel et al., 2018; Kröger, 2020), potentially increasing carbon emissions and reducing carbon stocks. Our results highlight the need for temporal and spatial effects for integral assessments. While the temporal effects may exhibit overall land-use dynamics across a jurisdiction, the spatial effects evidence local land-use pressures emerging inside or around the boundaries of Community Managed PAs.



Community Managed Protected Areas and REDD+

In Petén and Acre, Community Managed PAs’ effects on carbon stocks dynamics can also be interpreted in the context of governance and REDD+. ACOFOP, which associates Community Concessions in Petén, became a bridging social organization that has facilitated support relations with NGOs, certification programs, and government agencies (Taylor, 2012; Butler and Current, 2021). These support relations have resulted in a governance system with transparent management plans, wide local representation, and diversified forest activities that include timber, non-timber forest products, and in some cases, tourism (Millner et al., 2020). Regarding Acre, the rubber tappers organization has redefined itself as one of extractive populations after years of articulation with diverse social organizations from the Brazilian Amazon (Gomes et al., 2018). This bridging social organization became a platform to actively participate in State and Federal policies, especially between the 1990s and 2000s, resulting in the increase of Extractive Reserves and securing subsistence activities of forest extractivists households that are required to maintain 90% of forest cover from their landholdings (Gomes et al., 2018). We infer from our results that these bridging social organizations have a major role in carbon stock dynamics and drive Community Managed PAs’ governance systems in Petén and Acre.

These dynamic governance systems have contributed to the creation of GuateCarbon in Petén (Hodgdon et al., 2013) and SISA in Acre (Rosa Da Conceição and Börner, 2020), which exhibit two different REDD+ models. GuateCarbon is a local REDD+ program aiming to generate carbon credits in voluntary markets (Hodgdon et al., 2013). SISA is a jurisdictional initiative that includes multiple environmental policies, including a REDD+ program (ISA-Carbono) that integrates international funding bodies, a recipient state (Acre), and multiple local stakeholders (Sills et al., 2014; Sunderlin et al., 2015). Using multiple (i.e., Other Lands, Sustainable Use PAs, and Strict PAs) and conservative baselines (i.e., controlling for agricultural suitability and market access), our results indicate that Community Managed PAs in Petén and Acre were effective in avoiding emissions from deforestation and degradation before and after these initiatives began to operate.

However, according to our results, Community Managed PAs net avoided emissions reduced after GuateCarbon and SISA began to operate, questioning the additionality of these REDD+ projects. As explained above, there was an overall reduction in avoided emissions outside Community Managed PAs in Petén and Acre. Moreover, it is worth noting that our results are not meant to coincide with the baselines or emissions targets established by GuateCarbon or ISA-Carbono. Estimating temporal and spatial effects through matching analysis and geographic discontinuity designs provide conservative estimates that tend to exclude core areas with the most stable and higher carbon stocks (Alejo et al., 2021). In fact, before controlling for market access and agriculture suitability covariates, Community Concessions in Petén displayed an increase in carbon stocks after GuateCarbon began. Similarly, carbon stocks in Extractive Reserves from Acre have remained stable since 2003. In Acre, SISA has maintained previous initiatives that benefited communities in Extractive Reserves, such as the rubber-tapper subsidy program (Rosa Da Conceição and Börner, 2020), and implemented others with small colonist farmers and cattle ranchers (Sills et al., 2014). Our results suggest that SISA may have partially influenced an overall reduction in land-use emissions in Acre. Considering that ISA-Carbono remains in the initial stages of implementation (Rosa Da Conceição and Börner, 2020), it is early to establish the additionality of this REDD+ project. Hence, our results highlight that forest communities with bridging social organizations supported by government institutions and international organizations (e.g., NGOs, international aid) may contribute to climate change mitigation and forest conservation targets, like those envisioned by GuateCarbon and SISA. Finally, we also identified that Community Managed PAs conserve considerable amounts of carbon stocks. While the conservation and enhancement of carbon stocks have not been clarified by the UNFCCC, our results also highlight the need to include these activities in REDD+’s portfolio (Funk et al., 2019).



Study Limitations

While we consider that this study offers an integral assessment of Community Managed PAs on carbon stocks dynamics, four limitations should be noted. First, Community Managed PAs represent a diverse group of forest communities with particular land-use dynamics. Previous studies have shown the differences among past-resident, new-resident, and non-resident Community Concessions in Petén (Radachowsky et al., 2012; Taylor, 2012; Blackman, 2015). Our study focuses on those concessions that remained active and certified, mostly past-resident and non-resident communities, that became proponents of the REDD+ program GuateCarbon (Hodgdon et al., 2013). Second, our study does not distinguish carbon emissions from deforestation and degradation. According to Bullock et al. (2020), deforestation is more prevalent than degradation in Petén. Oppositely, carbon emissions in PAs from the Brazilian Amazon are dominated by degradation (Kruid et al., 2021). Future quasi-experimental studies controlling for spatial location covariates may benefit from distinguishing the role of deforestation and degradation in Community Managed PAs. Third, our study assesses Community Managed PAs in terms of an ecological indicator (i.e., carbon stocks). Other studies also explore the role of PAs in terms of poverty, income, and livelihoods (e.g., Duchelle et al., 2014; Miranda et al., 2016; Bocci et al., 2018). In addition to these indicators of ecological and social “success,” Community Managed PAs need to be evaluated in terms of tenure security (Robinson et al., 2014) and participation across genders, classes, and ethnicity (Millner et al., 2020). Fourth, the time frame of our study does not cover the last 5 years that display an upturn in deforestation and forest degradation in Guatemala and Brazil (Bullock et al., 2020; Kruid et al., 2021), which could deeply influence the role of Community Managed PAs in climate change mitigation.




CONCLUSION

Community Managed PAs represent a unique form of forest governance, as they aim to reconcile conservation, climate change mitigation, and local livelihoods. Our study expanded the methodological scope of previous studies and assessed the role of Community Managed PAs on carbon dynamics relative to different land tenures. Using both temporal and spatial assessments, we found that Community Concessions in Petén (Guatemala) and Extractive Reserves in Acre (Brazil), two forms of Community Managed PAs, are effective in conserving carbon stocks and avoiding carbon emissions. Moreover, these Community Managed PAs were more effective than Other Lands (i.e., unprotected) and Sustainable Use PAs (i.e., IUCN V-VI or equivalent), and at least as effective as Strict PAs (i.e., IUCN I-IV or equivalent). Our findings illustrate that estimating temporal and spatial effects are key to distinguish local and jurisdiction-wide land-use dynamics among land tenures. We also make further progress toward confirming that decentralized governance may help PAs reach ecological and social targets. That is particularly relevant in the context of REDD+ as we show that when social organizations of forest communities build support relations with government institutions and international organizations, they may improve forest governance and contribute to climate change mitigation.
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