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Abstract (183 words)
Protected areas (PAs) have long been the leading conservation tool for deterring deforestation. However, there is resistance to PAs from land users who lose profit. That can lead to remote sites for PAs and to illegal deforestation within PAs, both of which reduce the PAs’ forest contributions. After a PA is established, land users who lose from PAs may endeavor to reduce that protection: PA downgrading, downsizing and degazettement (collectively ‘PADDD’) are reductions in status (downgrading) or in size (downsizing or degazettement, i.e., the partial or full erasure of the PA). For the entire Brazilian Amazon, we estimate the impact of 2009-2012 PA erasures on 2010-2015 post-erasure loss of forest cover. We use matching in light of the relevant results for PADDD risks: for the Brazilian Amazon, PA erasures occur more near economic pressure − where deforestation is more likely (Tesfaw et al., 2018; Keles et al., 2019). Conceptually, erasures cause deforestation if the PAs faced and at least somewhat blocked pressures. Empirically, we find exactly that: since most forests selected for PA erasures faced pressure, these PA size reductions raised forest loss. 
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1. Introduction
[bookmark: page2]PAs are the most widely used tool for conserving forests, globally, while Brazil hosts globally critical forests, including in its Amazon region. Brazil is the 7th-largest GhG-emissions contributor, due to the conversion of Brazilian Amazon rainforest to pasture and agricultural lands (Azevedo-Ramos and Moutinho, 2018), and in the 2016 Paris agreements committed to decrease its GhG emissions by 43% below 2005 levels by 2030, mainly through further reductions in deforestation (Gallo and Albrecht, 2019). Further, Brazil’s Amazon region contains half of the world’s tropical rainforest and is a biodiversity hotspot (Campos-Silva et al., 2015; Gallo and Albrecht, 2019). For these reasons, PAs have been a leading tool in Brazil’s Amazon since the 1980s (Campos-Silva et al., 2015; Nogueira et al., 2018; Veríssimo et al., 2011). The national PA system expanded with influences from several international commitments, including in the World Park Congress in Bali, the 1992 United Nations conference on environment and development, and the Conventions on Biological Diversity in both 2004 and 2010 (Visconti et al., 2019). This network now covers over 30% of Brazil’s territory (UNEP-WCMC, 2020) and over 50% of the Brazilian Amazon (Campos-Silva et al., 2015), and has been shown to reduce deforestation, on average (Pfaff et al., 2015).
Yet PAs’ impacts on deforestation are constrained by the PAs’ locations, which vary considerably. Outside of high-pressure areas such as the ‘Arc of Deforestation’, fewer land uses are profitable and, thus, forest often remains even without protection (Herrera et al., 2019; Pfaff et al., 2015). Put another way, PAs far from economic pressure often do not reduce deforestation significantly. PA impacts also can be limited by illegal deforestation inside PAs, due to imperfect enforcement (Amin et al., 2019; Carranza et al., 2014; Jusys, 2018, 2016; Kere et al., 2017; Nolte et al., 2013).
After conservation policies helped to decreased Amazon deforestation rates by more than 70%, from 2004 to 2011 (Azevedo-Ramos and Moutinho, 2018), deforestation doubled from 2012 to 2019 (INPE, 2019). The initial fall in deforestation rates followed from increased enforcement and an increase in the area protected within the Amazon. In turn, the recent rise appears to follow from reduced enforcement, even to the point of a ‘license to deforest’, including in protected areas − in which we include indigenous land (Carvalho et al., 2019; Ferrante and Fearnside, 2019). Protection can also be challenged legally, by: permitting additional activities inside PAs; partially erasing a PA, decreasing its size; or fully erasing a PA, i.e., eliminating it by reducing size to zero (Mascia and Pailler, 2011). Those events – i.e., PA downgrading, downsizing, and degazettement (collectively, ‘PADDD’) – often accommodate infrastructure, agriculture, resource extraction, and rural settlements (Bernard et al., 2014; Cook et al., 2017; Ferreira et al., 2014; Kroner et al., 2019; Mascia et al., 2014; Naughton-Treves and Holland, 2019; Pack et al., 2016; Symes et al., 2016).
Some PADDD events occurred within the Brazilian Amazon between 1970 and 2000. The pace of PADDD then increased, however − especially during 2008-2015, when 44,000 square km of PAs were lost to reductions in PAs’ sizes, i.e., the partial or complete erasure of PAs (Campos-Silva et al., 2015; Kroner et al., 2019). This PADDD acceleration reflected a lack of Brazilian political and technical support for conservation objectives, including as expressed through a scarcity of funds and human resources allocated for management of PAs (Bernard et al., 2014; Campos-Silva et al., 2015; Ferreira et al., 2014; Rochedo et al., 2018; Veríssimo et al., 2011; Visconti et al., 2019).
Given that temporal shift, to inform future policies and improve assessments of PADDD impacts we would like to understand better why PADDD affected particular PAs within this landscape. Conceptually, development-oriented agents will propose PADDD, and bargain to enact PADDD, if they have economic gains from deforestation where PAs stand. Conservation-oriented agents, in contrast, bargain against PADDD if they see conservation gains from blocking human pressures (Keles et al., 2019; Tesfaw et al., 2018). Many outcomes are possible from bargaining over PAs. Empirically, then, it has been found that the accessibility of a PA to market, the PA’s size, and the rates of previous internal deforestation inside the PA’s boundaries – driven by a range of factors (Naughton-Treves and Holland, 2019; Visconti et al., 2019) – all seem to increase the likelihood of a PA experiencing a size reduction (Pack et al., 2016; Tesfaw et al., 2018; Keles et al., 2019). 
Those results on risk – Keles et al. (2019) for the entire Brazilian Amazon − make it hard to predict whether selective PA erasures will raise deforestation. If the reason size was reduced was internal deforestation − e.g., all profitable deforestation occurred already – then reducing a PA’s size may have no impact. That is relevant, as prior internal deforestation increased risks of size reductions (Tesfaw et al., 2018; Keles et al., 2019). Also, if the context for a PA’s size reduction was a remote location with low deforestation pressure, again PA size reductions might not affect deforestation, as even without a PA there may be no profits from deforestation in such a location. Yet the result that size reductions are more common near markets suggests that reduced PAs faced pressure. As they may have blocked pressure, at least somewhat, size reductions could raise deforestation.
[bookmark: page3]The few empirical results on forest impacts from PADDD are mixed. Golden Kroner et al. (2016) say that 150 years of legal changes in the Yosemite National Parks in the United-States increased habitat fragmentation due to infrastructure construction to accommodate rural settlement and resource extraction. It has also been showed that higher deforestation rates and greenhouse gas emissions followed from PADDD enactment in Peru and Peninsular Malaysia (Forrest et al., 2015). Yet for one Brazilian Amazon state, Rondônia, Tesfaw et al. (2018) found no average short-term forest impact, consistent with size reductions being more likely to be proposed and enacted in higher-pressure locations, where significant internal deforestation was already occurring in PAs. Again, that could result from bargaining, in which ‘failing’ PAs are those allowed to be reduced. For all the Brazilian Amazon, Pack et al. (2016) use difference-in-differences to separate shifts in 2002-2011 deforestation due to PADDD from shifts due to fixed other factors (observed or not). They find no downsizing impact: downsized parts had the same deforestation as still-protected. 
Yet long-run results can differ. Infrastructure does not always immediately raise deforestation – especially in remote sites (Pfaff et al., 2018; Tesfaw et al., 2018) – but over time activities build,  e.g., if construction starts as PADDD occurs. Even for fixed infrastructure, a change in the views of government can change expectations and investments (per recent political shifts, see Carvalho et al., 2019; Casarões and Flemes, 2019; Escobar, 2019; Fearnside, 2016; Ferrante and Fearnside, 2019). As noted above, while after 2004 Amazonian deforestation fell for some years, it has been rising since 2012. Reconsidering deforestation impacts of PA size reductions in this latter context, then, seems well worthwhile − at the very least to allow for this shift in socioeconomic context.
To allow for the influences of such shifts over time on the deforestation impacts of erasing PAs, while also considering important differences across space in the context of the PA size reductions, we evaluate the impacts of enacted 2009-12 PA size reductions (downsizing/degazettement) on 2010-2015 post-reduction forest loss. Like Pack et al. (2016), we study all of the Brazilian Amazon. However, not only do we extend their results with more recent events, and recent deforestation, critically we also distinguish subsets of PAs across which the impacts of reductions should differ. 
Our contributions are the following. First, we lay out a simple conceptual model to suggest where reducing PA size is more likely to raise deforestation. Second, we focus not on the average impact, for an enormous and incredibly diverse region, but instead impacts by context. To reduce biases, for each context we employ matching at pixel level for observed characteristics of forested lands that may influence both the likelihood of deforestations and the likelihood of PA size reductions. We use this same method to estimate 2001-208 pre-reduction forest impacts of PAs − a critical summary of PAs’ varied contexts − and separate contexts by ‘expected deforestation pressure’. We proxy for differences in economic pressure using large regions, states, and road distances.
[bookmark: page4]To start with an average impact, we find that to-be-reduced PAs, i.e., those selected for erasures in 2009-2012, increased 2001-2008 deforestation rates relative to no protection. That shows a lack of effective protection, different from constant-sized PAs (i.e., the majority). Consistent with our theory for partial enforcement, those PA size reductions then also increased deforestation, with higher post-erasure 2010-2015 forest-cover losses in reduced areas than constant-sized PAs. On average, then: PAs suffered internal deforestation, got reduced, then forest loss went further.
However, even among the reduced PAs that faced clearing pressure, outcomes were not equal − in line with different prior PA impacts upon forests. To-be-reduced PAs in Pará neither reduced (as did the majority of constant PAs) nor raised (as did the majority of reduced PAs) 2001-2008 deforestation. In turn, the PA size reductions in Pará did not increase deforestation in 2010-2015. While we believe that Pará indicates a particular political economy in one context with pressure, a lack of pressure is another reason size reductions have no impact. Consistent with that theory, we find a consistent story for: high road distances; the entire state of Amazonas; and the whole non-Arc region. We show no prior impacts from those PAs, then no impacts from their erasures.
The rest of the manuscript is organized as follows. Within Section 2, we offer relevant background and a simple framework for considering where PA erasures are more likely to increase forest loss. Section 3 presents our empirical strategy, Section 4 our estimates for impacts of PAs then impacts of PA erasures − including for subsets based on prior impacts − and Section 5 provides discussion. 
2. Historical Background & Conceptual Model
2.1 Deforestation & Forest Protection in the Brazilian Amazon
[bookmark: page9]Brazilian Amazon deforestation rose in the 1960s, along with the will of the military dictatorship to develop the economy of the region (Hargrave and Kis-Katos, 2013; Souza-Rodrigues, 2019). To support settlement and economic activities, roads were built and incentives given, all interacting with insecure land tenure and allowing both land grabbing and illegal logging (Araujo et al., 2009). When the economy stabilized during the 1990s, deforestation was also driven by rising demand for exports, as the country became a major supplier of beef and soybeans (Arima et al., 2014).
Following international interactions including the 1982 World Parks Congress and 1992 United Nations conference on environment and development, as well as public concerns (Naughton-Treves et al., 2005; Veríssimo et al., 2011), IBAMA was created to enforce the environmental laws (Arima et al., 2014). At that time, PAs started to be grow (Figure 1), largely as a means to conserve biodiversity, and the required share of forest cover (‘legal reserve’) on private land was increased from 50% to 80% (Arima et al., 2014; Souza-Rodrigues, 2019). However, relevant enforcement remained poor (Naughton-Treves et al., 2005; Veríssimo et al., 2011) and the deforestation rate increased until a peak in 2004, when 26,800 squared kilometres of land were cleared (Figure 2).
Figure 1 Protected Area designations and size reductions
[image: padd_acc]
Source: author’s calculation (IUCN and UNEP-WCMC, 2017; WWF,2017a)
Figure 2 Deforestation in the Brazilian Amazon
[image: ]
Source: author’s calculation from (INPE, 2019) 
Yet then, given policy responses as well as the 2008 economic crisis (Arima et al., 2014; Assunção et al., 2015; Hargrave and Kis-Katos, 2013; Soares-Filho et al., 2014; Veríssimo et al., 2011), deforestation fell sharply from 2004 to 2011 when it was 5,800 squared kilometers. A key policy initiative in 2002 was ‘The Amazon PA Program’ (ARPA) to extend the PA network and improve PA management (Figure 1). To enforce environmental laws, the Real-Time System for Detection of Deforestation (DETER), using satellites, was implemented by the National Institute for Space Research (INPE) within the 1st phase of the Action Plan to Prevent and Control Deforestation in the Amazon (PPCDAm-I) (Arima et al., 2014; Souza-Rodrigues, 2019; Veríssimo et al., 2011). Next, PPCDAm-II (2009-2011) added measures such as: more frequent inspections and applications of sanctions by IBAMA; a list of priority municipalities subject to stricter enforcement (Arima et al., 2014; Assunção et al., 2015; Souza-Rodrigues, 2019); new punishment instruments (embargoes, seizures); and conditioning of rural credit on environmental compliance (Gibbs et al., 2016).
[bookmark: page10]From 2012 on, however, the drop in deforestation had ceased. Since 2014, in fact, deforestation again started to rise as a result of political changes weakening environmental law (Arima et al., 2014; Campos-Silva et al., 2015; Fearnside, 2016; Gallo and Albrecht, 2019; Rochedo et al., 2018; Soares-Filho et al., 2014). For example, a 2012 revision of the Forest Code provided amnesties to landowners whose legal forest reserves had been cleared before 2008 (Soares-Filho et al., 2014). In addition, environmental requirements were lowered, infrastructure projects (dams, highways) were facilitated, and along with this effort to foster economic growth, the PA network has been undermined (Arima et al., 2014; Fearnside, 2016; Naughton-Treves and Holland, 2019; Rochedo et al., 2018; Soares-Filho et al., 2014). As early as 1970, PAs were reduced. Yet the phenomenon has accelerated recently, mostly in order to accommodate infrastructure projects, settlements and expansions of agriculture (Kroner et al., 2019; Mascia and Pailler, 2011; Pack et al., 2016). Specifically, 40 PA size reductions were enacted in recent decades in the Brazilian Amazon, with an area of 157,377 squared kilometres, and 25 erasures concentrated between 2009 and 2012, covering 42,113 squared kilometres (Figure 1). The recent election of President Jair Bolsonaro has also sent very clear signals to prioritize economic growth over conservation, thus incentives to clear the forest have been increased. Forest fires, which have doubled compared to last year, are in part a consequence of deforestation activities (Casarões and Flemes, 2019; Escobar, 2019).
2.2 Impacts of Protection & PA Size Reductions
2.2.1 Deforestation Baselines & PA Impacts By Location
[bookmark: page5]Frontier deforestation is often thought to resemble von Thünen’s model (Angelsen, 2010, 2007; Sims, 2014). To illustrate, consider a risk-neutral agent facing a choice to clear forest on parcel i, which is not protected, to earn agricultural rents Yi . Rents are p, the price of the product in the nearest market, times the parcel’s output yield − which is a function of land quality f(Qi). From those revenues, one must subtract the transport costs to get one’s output to the nearest market. Assuming per-unit Ti is linear, costs Ti di rise with the distance of the parcel to the nearest market. Thus, Yi falls with di and, in turn, the forest clearing falls with di, ending at the  for which Yi = 0.
			             → 	            	   (1)
Within any PA, agents face fines for deforestation F. Those reduce the rents from agriculture, so YiP <  given a chance of being caught (πiP > 0). Yet transport costs hinder enforcement. For the Brazilian Amazon, illegal deforestation in PAs is higher far from urban centers (Keles et al. 2019). Thus we assume that enforcement near cities, where agencies are located, is sufficient to prevent illegal deforestation nearer to those agencies, yet then it falls in effectiveness with city distance. We would then expect that PAs would not lower deforestation either: beyond, where already profit is negative without a PA; or when enforcement was effectively zero, due to transport costs. PAs at low to intermediate distances, then, may discourage baseline deforestation (Figure 3):
	            → 	                    (2)
Proposition 1: PAs lowers forest clearing (i.e., deforestation would occur without any PA but not given a PA and enforcement) near to urban centers, as enforcement is strong; and a bit further out from the cities, where enforcement is weaker yet profit is lower.
2.2.2	Locations & Impacts of PA Size Reductions
[bookmark: page6]Development agents may bargain against PAs when profits from clearing forest would be high (Keles et al., 2019; Tesfaw et al., 2018). When a PA (or part of a PA) is erased, i.e., its size is reduced, then the fines disappear for clearing those forests, making YiR = Yi. Of course, this will raise deforestation only in the very same range of distances in which the PA was saving forest: close enough to cities that deforestation occur without PAs (below ); and also close enough that enforcement, which falls with city distance, generates expected fines above falling rents. Those are the conditions (see Figure 3) under which reducing a PA should raise deforestation. 
Proposition 2: Reducing PAs’ sizes raises forest clearing if PAs have impact (see Proposition 1).
Figure 3 Locations & Impacts of PA Designations and Size Reductions
[image: ]
3. Empirical Approach
3.1 Impact Estimation: matching both before & after erasures
We estimate deforestation impacts of PA size reductions. As is summarized just above (Figure 3), we do not expect impact above a threshold distance at which agriculture is not profitable. Below that threshold, PA impacts depend on enforcement. Not knowing the distance ranges in practice, we simply estimate PAs’ forest mpacts before size reduction. Only for PAs those that had lowered deforestation before a size reduction do we predict a rise in deforestation after that reduction. Thus, we estimate impact of PAs before size reduction (step 1) and of PA size reduction (step 2).
To know whether a PA lowered deforestation before reduction, we need a difference between the observed deforestation with protection and an estimate of the counterfactual deforestation that would have occurred had the PA never been created (Ferraro and Hanauer, 2014; Velly and Dutilly, 2016). Thus, we need information on unprotected forest. To learn whether size reduction raises deforestation, we need a difference between the observed deforestation after reduction and an estimate of the counterfactual deforestation that would have occurred had the PA been retained. Thus, we need the data on deforestation for appropriately selected protected forests. 
For the required counterfactuals, we could use observed outcomes for treated parcels at times without treatment, e.g., before a PA was created. Yet deforestation varies over time independent of PAs, due to external shocks (e.g., a fall in agricultural prices (Assunção et al., 2015)). We could instead use average outcomes for untreated parcels to compare with averages for treated ones. Yet baseline deforestation would have to be the same for those groups to get a valid comparison of averages (Ferraro and Hanauer, 2014; Velly and Dutilly, 2016). In contrast to that requirement, within the Brazilian Amazon PAs have tended to be located farther from pressure than average unprotected forests (Pfaff et al. 2015). Also, the protected forests that have lost their PA status tend to be in relatively accessible places (Keles et al., 2019; Pack et al., 2016; Tesfaw et al., 2018).
Thus, we will be using matching approaches in order to find comparisons groups that are similar, since for both protection and PA size reduction, the treated and untreated are not similar. For each treatment – protection before size reduction and the reduction of protection – we will find the untreated forest parcels that are most observably similar to whatever parcels were treated. To estimate impacts of protection before reduction, we will search for the unprotected forests most similar to each protected parcel. To estimate the impacts of PA size reduction, though, we will search for the still-protected forest parcels most similar to those parcels that lost protection. 
3.2 Data
[bookmark: page7]3.2.1	Units of Observation
We randomly drew 1,028,230 points from across the entire Brazilian Legal Amazon. To address the possibility of spatial autocorrelation, we enforced on the randomized draw a 1km minimum distance between observations (Avelino et al., 2016; Pfaff et al., 2009; Velly and Dutilly, 2016). In addition, we drop some observations because of the possibility of local PA ‘leakage’, i.e., that PAs might affect the land uses nearby. We exclude from the controls a 20km buffer zone around each PA (Abman, 2018; Joppa and Pfaff, 2011; Jusys, 2018; Nolte et al., 2013; Pfaff et al., 2015).
3.2.2	Variables
We use forest-loss data at a 30x30m resolution from the new version of the Global Forest Change (Hansen et al., 2013). The data indicate the tree-cover density (10% to 75%) in 2000, for trees of more than 5 meters in height, and whether a pixel has been cleared each year from 2000 to 2015. We call ‘forest’ when tree-cover density is at least 30% at the start of a period[footnoteRef:1]. It is important to note that Global Forest Change data do not indicate a difference between natural and secondary planted forests (Sexton et al., 2016; Tropek et al., 2014). Also, Hansen et al. (2013) do not use the same methodology for tree-cover gains, making it impossible to compute net forest-cover loss.  [1:  This threshold corresponds to the definition of tropical forest within the United Nations Framework Convention on Climate Change (UNFCCC): any area of at least 0.5 ha with 10 to 30% tree cover density (Chazdon et al., 2016). This is also the official definition of tropical forest used in the CBD (Convention on Biological Diversity, 2019).] 

[bookmark: page12]Our deforestation outcome is a binary variable, indicating whether the forest cover has been lost: between 2001 and 2008, for pre-reduction PA impacts; and between 2010 and 2015, for impacts of reductions. For the former, we use locations forested in 2001. Thus, forest cover is considered to be lost whenever it falls to zero between 2002 and 2008. For the latter, that rule applies for post-reduction years between 2010 and 2015 (PA size reductions are between 2009 and 2012): forest cover is seen as lost if, post-reduction, the forest indicator falls to zero during 2011-2015. 
We use protection data from the World Database on Protected Areas (WDPA) (IUCN and UNEP-WCMC, 2016), a spatially explicit database that describes PAs’ locations and frontiers. To avoid misinterpretation, we only use PAs that could be recorded in the PADDD data as reduced in size, i.e., all of the ‘units of conservation’ included within the National System of Protected Areas (Sistema Nacional de Unidades Conservação - SNUC). Thus, we have dropped both Indigenous Lands and Quilombola Territories. The conservation units are all classified according to the extent of the activities permitted inside. When a location appears in multiple PAs, we assigned it to the strictest classification among those PAs. Within our sample, we find 59,800 protected locations before 2000, while 458,394 locations were never protected. When estimating the 2001-2008 impacts of protection, the treated group of observations is all the locations inside PAs established before 2000, while the pool of potential controls is all of the locations never protected by 2008.
[bookmark: page11]For PADDD, and more specifically all PA size reductions, we use PADDDtracker.org Data Release Version 1.1 (Conservation International and World Wildlife Fund, 2019), i.e., a spatially explicit database with descriptions of PA size reductions, their locations, and their boundaries. To study the PA size reductions, for the locations that were protected by 2008 we distinguish those PAs  that were reduced in size between 2009 and 2012 from the PAs that remained protected through 2015 (i.e., the constant-sized PAs). We find 5,614 of the former parcels and 94,700 of the latter.
PA designations and reductions may be explained by bargaining given the agricultural profits that could be earned from using cleared forest land. That opportunity cost of conservation is affected by biophysical and socioeconomic characteristics of lands that influence agricultural suitability. We include slope and elevation from the Shuttle Radar Topography Mission (SRTM) (Jarvis et al., 2008) and we also obtain 1995-2015 rainfall levels in millimetres per year from the version 2.0 of Climate Hazard Group InfraRed Precipitation with Station Data (CHIRPS) (Funk et al., 2015). We use in addition an indicator of soil quality from the Global Agro-Ecological Zone (FAO and IIASA, 2019), which equals one if the land is suitable for high-input rainfed farming but zero otherwise. Agricultural profits also depend on market access. We use the road network in 1996, from the Center for International Earth Science Information Network (CIESIN) (2015), and in 2006 from the Brazilian Departamento Nacional de Infraestrutura de Transportes (DNIT, 2017). In addition, we use the network of navigable rivers, from the Environmental Systems Research Institute (ESRI, 2013) as well as the major cities from the Environmental Systems Research Institute (ESRI, 2013). 
The size of a PA and its IUCN category, from the WDPA (IUCN and UNEP-WCMC, 2017), influence enforcement costs. We also use the number of endemic species in 2006 from a WWF WildFinder database on species distributions (WWF, 2006; Olson et al., 2001) to proxy environmental values. 
3.3 Methods
3.3.1	Nearest-neighbour matching
As noted, forest-cover loss for treated pixels is compared with losses for similar untreated pixels. If matching for similarity on key observable covariates eliminates all of the relevant differences, then the latter outcomes would differ from the former outcomes solely due to treatment impact. We match treated pixels with the single most similar untreated parcels, defining similarity using the shortest Mahalanobis distance for our covariates expected to influence treatment probability and forest loss (Caliendo and Kopeinig, 2008; Ferraro and Hanauer, 2014; Velly and Dutilly, 2016). As above, those covariates include biophysical and socioeconomic characteristics of land that we believe affect the opportunity cost of conservation and the outcome during the period examined (Andam et al., 2008; Carranza et al., 2014; Cuenca et al., 2016; Ferraro et al., 2013; Joppa and Pfaff, 2011; Nolte et al., 2013; Pfaff et al., 2017, 2015, 2014, 2009). To avoid endogeneity, those covariates are fixed over time or measured pre-treatment, as far as possible. For estimating PAs’ impacts before size reduction, we use as factors slope, elevation, rainfall in 1995 and soil quality. We also use access to markets, as measured by distance to 1996 roads, rivers, and major cities. For estimating the impacts of PA size reductions, we can also make use of the PAs’ characteristics. The size of a PA before erasure, its IUCN category, and its number of endemic species are proxies for enforcement costs and environmental values − for both size-reduced and constant-sized PAs. 
To lower variance, we can match any treated observation to multiple similar untreated locations, but this raises dissimilarity and thus bias (Caliendo and Kopeinig, 2008). Given the tradeoff, we did matching several times with different parameters, trying to maximize matched observations while minimizing standardized bias[footnoteRef:2] (King et al., 2011). For impacts of protection and of PA size reduction, we use the most similar untreated observation and drop all treated observations for which no matches are found in a caliper of 0.5 standard deviation of each matching covariate (Caliendo and Kopeinig, 2008). To check robustness, using Mahalanobis distance, we use the two nearest neighbours (yet with a finer caliper, 0.25 standard deviation of each matching covariate).  [2:  We matched with different parameters − e.g., 1 to 3 neighbors − dropping observations for which matches were not found for calipers of 0.10, 0.25 and 0.5 standard deviations of the covariates. We report the number of matched observations and mean standardized bias. We tried to maximize common support and minimize standardized bias.] 

[bookmark: page13][bookmark: page14]3.3.2	Match Quality
Concerning whether the search for similarity is successful, we use standardized mean differences as well as tests of distributions to assess covariate differences between the treated and controls. After matching, no significant differences in means should remain between treated and matched untreated controls. Gains of matching require that these standardized differences be significantly reduced (Caliendo and Kopeinig, 2008; Ferraro and Hanauer, 2014; Velly and Dutilly, 2016).
Hidden biases may remain if important confounders – that influence treatment and outcome − are unobserved. In light of this possibility, our standard errors for Mahalanobis distance matching use the variance approximation of Abadie and Imbens (2006). After matching, we also run an additional regression, using the common support, with municipality fixed effects and standard errors clustered at the municipality level (Abadie and Imbens, 2006; Ferraro and Hanauer, 2014).[footnoteRef:3]  [3:  Results are available upon request.] 

[bookmark: page15]Matching on Mahalanobis distances can face challenges with many confounding variables and if  variables are discontinuous. Yet it takes into account interactions among covariates in selecting controls (Stuart, 2010) and yields better balances for our sample. For robustness, we also used propensity-score matching, which assesses similarity using observations treatment probabilities, from probit models for treatment with the same covariates (Caliendo and Kopeinig, 2008; Ferraro and Hanauer, 2014; Velly and Dutilly, 2016). For that, we use one nearest neighbour and a caliper of 0.01 standard deviation of the estimated propensity scores. Matching is without replacement.
We follow Rosenbaum (2002) to check how sensitive the latter results are to remaining hidden biases − should they exist (we do not prove whether they exist). This sensitivity test can only be computed for our propensity-score matching without replacement (Becker and Caliendo, 2007).
3.4 PA Subsets
Subsets of PAs facing different expected economic pressures are defined using the distances to the nearest road for each pixel. Roads are very important determinants of market access, as they lower transport costs. They strongly affect deforestation rates (Angelsen and Kaimowitz, 1999; Barber et al., 2014; Cropper et al., 2001; Laurance et al., 2001; Pfaff, 1999), especially when prior economic development is not yet high (Pfaff et al., 2018), so they often are used to distinguish between sites with higher and lower opportunity costs of conservation (Jusys, 2018; Pfaff et al., 2015, 2014). We also use states, and regions[footnoteRef:4], featuring distinct economic and political contexts. [4:  Regions are defined as Outside the ‘arc of deforestation’ (Amazonas, Roraima, Amapá), which has low economic pressure versus In the arc of deforestation (namely Rondônia and Pará), where economic pressure are much higher. While there are other Amazonian states both inside and outside the arc, they have not featured in size reductions.] 

For road-distance subsets, we calculate the lowest Euclidian distance to a road for each pixel that is deforested, then add up the deforestation in each 1km from the nearest road. Thus, we obtain a distance-accumulated deforestation curve (Figure 4) (Jusys et al., 2018; Barber et al., 2014). Working from this curve, we define below 46km from roads as the ‘highly accessible’ space, since half of deforestation occurs there. Then, to more continuously represent the cases in Figure 3, we create smaller road-distance subsets, using ranges responsible or 20% of total deforestation:  0-10km; 10-30km; 30-68km; 68-143km; and above 144km from roads. However, this last subset was then merged with the fourth subset, as no size reduction is observed during our time period.
This methodology for delineating the PA subsets was implemented using the forest-cover losses during 2001 to 2008, from the Global Forest Change database (Hansen et al., 2013). We use the same PA subsets for both of our matching estimations, however, because we want to predict the impacts of 2009-2012 PA size reductions using 2001-2008 impacts of those PAs, pre-reduction.[footnoteRef:5] [5:   Road networks evolve. For 2009-2012 erasures, we use 2006 roads (DNIT, 2017) that differ little from 1996 since these are formal roads (surely the informal roads do keep rising). The threshold obtained is approximately the same. ] 

4. Results
4.1. Descriptive Statistics
Table 2 frames all our analyses using regressions to link our observed covariates to deforestation in two periods. Whether measured in 1996 for 2001-2008 deforestation or in 2006 for 2010-2015 deforestation, high road distances discourage economic activity and thus pressure and clearing. The same is true for distances to cities, and slopes, as well as more rainfall than aids production.
Within protected areas, which is the set of lands considered in Table 2’s three rightmost columns, we can also examine influences of PA characteristics. Interestingly, additional endemic species are associated with less deforestation, suggesting additional environmental enforcement effort. Also concerning PA enforcement, a stricter IUCN category is associated with lower deforestation. 
For either outside or inside PAs, deforestation rates clearly vary a great deal between the states. States not only are political regulatory regimes but also feature quite distinct economic contexts. Further, they vary in their average distances to important national markets, as well as their access to markets via either roads or major rivers. States’ effects are strong and consistent in Table 2.
4.1.1 Constant or Reduced Protection vs. Unprotected Areas (2001-2008 deforestation)
Among pre-2000 PAs, about 93% remained constant in size until 2015, at least, while 6.9% were reduced in size between 2009 and 2012. Only 0.4% of tree cover was lost inside constant-sized PAs during 2001-2008. Loss was far higher (8%) for to-be-reduced PAs. Indeed, their losses were above never-protected forests (Table 3A, and this difference holds up in impact estimates below).
Constant-sized PAs are, on average, farther from roads than are the never-protected lands (Kere et al., 2017; Nolte et al., 2013; Pfaff et al., 2015, 2014, 2009). Quite the opposite is true of to-be-reduced PAs (and p-values confirm that these differences are significant at the 1% level). Thus, some to-be-reduced PAs faced more pressure than never-protected lands due to urban proximity (Keles et al., 2019; Pack et al., 2016; Tesfaw et al., 2018). Addressing such observable differences between these PA groups, which can bias estimates, helps to remove spurious elements of the inference that constant-sized PAs lower deforestation but to-be-reduced PAs raise it (Table 3A).
4.1.2 Constant vs. Reduced Protection (2010-2015 deforestation)
[bookmark: page18]Table 3B considers only protected locations, specifically all pre-2009 PAs that could get reduced. Of those, 5.6% were reduced in size between 2009 and 2012. Similar to what was found above, 2010-2015 tree-cover loss was lower in constant-sized PAs (0.3%) than in reduced PAs (5%) and that may be due to the latter being nearer to economic pressure (again this is significant at 1%). PA size reductions were located where tree-cover losses were more likely, e.g., nearer 2006 roads and cities. While they have higher levels of endemic species, and stricter categories of protection, reduced PAs are smaller, which may lead to a greater share of area being subject to invasions. In sum, there are differences to control for to best estimate effects of protection and of PA erasures.
4.2 Improving Balances
Tables 4A and 4B convey that either type of matching significantly improved covariate balances, for testing PAs’ pre-reduction impacts (Table 4A) or the impacts of PA size reductions (Table 4B). For the former, both Mahalanobis-distanceg and propensity-score matching reduced differences for all characteristics. While differences remain, they are less significant, helping to reduce biases. For impacts of reductions (in Table 4B), again both Mahalanobis-distance and propensity- score matching considerably reduce the differences between means for all of the listed characteristics.
Given concerns about unobserved covariates that might not be balanced despite such matching, we also tested the sensitivity of our estimates from propensity score matching to unobserved confounders that could both influence protection and deforestation (Becker and Caliendo, 2007). The test from Rosenbaum (2002) states what value of unobserved confounders would make the odds of both protection and deforestation more likely by a factor of τ. If the average treatment effects are still significant for a τ increase, it indicates some lack of sensitivity to remaining biases.
4.3 Pre-Reduction Impacts of Protection
Tables 5A and 5B communicate PAs’ impacts on 2001-2008 deforestation, for all PAs and subsets. We are interested in these because if a PA has no pre-reduction impact, the size reduction might not have impact. In Figure 3, the PAs in areas with low economic pressure should have no impact pre-reduction and, correspondingly, no impact of a reduction. The same holds if, near pressure, a PA is fully internally deforested due to low enforcement. Yet if any PA both faced and blocked significant pressure, then reducing its size should indeed increase deforestation. An intermediate case is partial enforcement, with partial internal deforestation pre-reduction, which lowers both pre-reduction impact and the increase in deforestation after the size of the PA has been reduced. 
4.3.1 2001-2008 Impacts of Constant-Sized PAs
For comparison with to-be-reduced PAs, we consider first constant-sized PAs, i.e., the PAs that remain untouched by any legal change through at least 2015, the last year of our second period. We can essentially confirm prior results (Pfaff et al. 2015) to benchmark our impacts estimates. Table 5A confirms some average impact for 2001-2008, as well as significant variation in impacts, across this great majority of Brazilian Amazon PAs. They lowered deforestation (versus baseline). While clearly the Mahalanobis-distance matching better reduces residual biases after matching, the pattern of impacts results is robust across specifications (and to unobservable selection bias).
The variation across subsets is important, including for interpreting the impacts of size reduction. The average reduction in deforestation blends higher impacts closer to roads with lower impacts farther from roads, as expected. Further, lower impacts approach zero for the farthest locations −  even for a large state, Amazonas, and an enormous region, outside the ‘arc of deforestation’. Thus, it is clear that we see variation that includes the low-pressure region, indicated in Figure 3, yet also significant pressures in other regions, which constant-sized PAs blocked to some extent.
4.3.2 2001-2008 Impacts of To-Be-Reduced PAs
Table 5B shows that to-be-reduced PAs did not block pressures the way constant-sized PAs did. In fact, it would appear that versus unprotected forests, PAs selected for at least partial erasure during 2009-2012 actually increased 2001-2008 pre-reduction loss of forest cover. This indicates a lack of effective enforcement and may be part of the selection for PA erasure. Indeed, Tesfaw et al. (2018), Keles et al. (2019) find internal deforestation raises risks of being reduced. Figure 5 suggests this was more pronounced for intermediate road distances, where enforcement would not be strong enough to overcome profits (Figure 3’s medium-pressure-and-enforcement case).
The only PAs for which this striking lack of effective enforcement is not seen are in low pressure. While it could be that enforcement was low for those to-be-reduced PAs as well, lacking pressure we do not see consequences (focus on Mahalanobis-distance matching with lower residual bias). 
Going further in this direction, the only to-be-reduced PAs that lower deforestation, on average, within the subsets we considered, are those in Pará (and that is significant only when using PSM). This could indicate varied local political economy. Pará was soon to initiate programs to manage deforestation (Sills et al. 2020) − including distinct supply-chain interactions (Gibbs et al. 2019).
4.4 Impacts of PA Erasures
Table 6 provides estimated impacts of size reductionson 2010-2015 deforestation. On average,  reductions raised deforestation rates, relative to similar constant-sized PAs. Alongside Table 5B, this suggests Figure 3’s medium enforcement case: PAs that experienced internal deforestation were reduced in size; then, after they had been reduced in size, the deforestation went further.
Figure 3’s medium-pressure-and-enforcement case is suggested by varied jumps in deforestation due to reductions, looking across Table 6, as we move outward in terms of the distances to roads. The highest impacts of PA size reductions are not within the initial 10km, as might be expected without a role of enforcement (without enforcement the closest parcels have highest net gains). Instead, the highest deforestation impacts of PA erasures are for the intermediate road distances (recalling that it could well be harder to enforce PAs here (Sims et al., 2013; Keles et al., 2019)).
Having seen that central case, we also highlight the variation in impacts from PA size reduction, very much following the variation in prior impact from to-be-reduced PAs (Table 5B). To start, directly following the state-level variation in prior impacts, Pará has no impact of size reduction. While its to-be-reduced PAs (Table 5B) are clearly weaker than its constant-sized PAs (Table 5A), Pará’s to-be-reduced PAs did not raise 2001-2008 deforestation. That fits a story of local political economy, with some deforestation regulation, that could explain no impacts of PA size reduction.
Finally, just as in Table 5A and in Table 5B, we see that Figure 3’s low-pressure case clearly exists. With low pressure, constant-sized PAs block nothing, while to-be-reduced PAs look no different. For those conditions, we would expect little impact from size reductions, at least in the short run. That theory is supported by Table 6 results for Amazonas State and the very large non-Arc region.
5. Discussion
Commitments by the Brazilian government on biodiversity, and the reduction of GhG emissions through the reduction of deforestation, have been challenged because of various policy changes since 2012 (Campos-Silva et al., 2015; Gallo and Albrecht, 2019; Visconti et al., 2019). PAs have been key conservation tools to date, contributing to the reduction of deforestation, even though on average they were located outside of high-pressure areas (Amin et al., 2019; Carranza et al., 2014; Herrera et al., 2019; Jusys, 2018, 2016; Kere et al., 2017; Nolte et al., 2013; Pfaff et al., 2015). PAs are still being challenged by economic activities, including through PA Downgrading, Downsizing and Degazettement (Bernard et al., 2014; Cook et al., 2017; Mascia et al., 2014; Mascia and Pailler, 2011; Naughton-Treves and Holland, 2019). Yet few have studied PADDD and fewer control for the fact that PAs are most challenged where the land uses are most profitable.
Our objective was to extend literature on PADDD by allowing for the influence of shifts over time and big differences across space on the deforestation impacts of PA size reduction. We evaluate the impact of 2009-2012 size reductions (downsizings and degazettements) on forest-cover loss  in the Brazilian Amazon 2010-2015. We offer a simple model to suggest where PA size reductions are most expected to increase forest-cover losses. It suggests they are likely to increase forest cover losses nearer to economic pressure and in particular if PAs were already blocking pressure. 
[bookmark: page24]Empirically, we evaluate impacts of PA size reductions − by economic context. To reduce bias, we employ a matching strategy at the pixel level to account for some key observed characteristics of forested lands that influence land clearing and PA size reduction. We estimate pre-size-reduction forest impacts of PAs to help identify which PAs were already blocking such economic pressures.
We find selective PA erasures during 2009-2012 increased rates of 2010-2015 forest-cover loss, on average. Critically, we also show significant differences between these contexts. Deforestation rose where reduced PAs had faced and blocked pressure, including when pressure had generated some internal deforestation. Our results suggest that PAs experience internal deforestation, get reduced in size (as an initial consequence) then, as a result, experience further deforestation. Yet without pressures, we found neither prior impacts from PAs nor impacts from PA size reductions. 
While our main conclusions are robust to the sensitivity tests that we included within this paper, various potential limitations must be mentioned. For our 2001-2008 time period, we do not try to break out policy shifts after 2004 (Arima et al., 2014; Souza-Rodrigues, 2019; Veríssimo et al., 2011). Thus, within that period, results for 2004 to 2008 could differ from those for 2001 to 2004.
Very generally, our results could depend on our outcome variable. We define ‘forest’ using a 30% value in the remotely sensed data. That corresponds to many definitions of tropical forests, yet can be contested. Also, the data we use do not distinguish natural and secondary planted forests (Chazdon et al., 2016; Convention on Biological Diversity, 2019; Hansen et al., 2013; Sexton et al., 2016; Tropek et al., 2014) or allow consideration of annual tree-cover gains (Hansen et al., 2013).
Further, all our results must be considered to be relatively short term, though we extend the time period studied in previous literature (Pack et al., 2016; Tesfaw et al., 2018). They are also limited in consideration of spatial impacts; for instance, increasing deforestation following a PA erasure could extend beyond the border of that PA – including, e.g., via signals in favor of development (opposite from when creating a PA (Herrera et al. 2018)). For example, depending on the cause of a size reduction (e.g., rural settlement, infrastructure, extraction), infrastructure such as roads may have longer-run and spatially broader impacts upon economic activity (Tesfaw et al., 2018).
Finally, of late PA size reductions are being proposed and enacted consistent with a relaxation of environmental policies in the Amazon since 2012 (Campos-Silva et al., 2015; Kroner et al., 2019; Rochedo et al., 2018) and consequent rise of deforestation since that time. An understanding of the risks and impacts of size reductions should inform efforts to invest in PA networks, and even to guide PA size reductions to where they do less damage. Conversely, for PAs nearer to markets, where economic pressures are relatively high, maintaining protection and enforcement can have big impacts. This might suggest fighting tendencies to put PAs where their opportunity costs are lowest (Keles et al., 2019; Symes et al., 2016; Tesfaw et al., 2018), given that near roads and cities their better accessibility could facilitate enforcement and impact (Keles et al., 2019; Sims, 2014).
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APPENDIX

Figure 4 
Accumulated Deforestation by Road Distance
In our first road-distance subset, 50% accumulated deforestation occur until 46km from roads. In our second type of road-distance subsets, 20% accumulated deforestation occur until 10km from roads, points here are highly accessible, then, the accessibility decrease: 20% additional deforestation occur until 30km from roads and 20% additional deforestation occur until 68km from roads. Above that threshold, points are considered to be highly inaccessible.




Figure 5 
Pre-Erasure Protection Impacts according to distance to nearest road







Table 1 Sources & Descriptions of Covariates
	
	Source
	Step 1
	Step 2

	Agricultural GDP
	Vector format from the IBGE at the level of the municipality in current prices (1000 real) (IBGE, 2017)
	Not used
	Average from
2001 to 2008

	
	
	
	

	
	
	
	

	Elevation
	Gridded elevation data from the Shuttle Radar Topography Mission (SRTM) (Jarvis et al., 2008).
90m resolution resampled in 250 by 250 meters.
	-

	Slopes
	Gridded elevation data from the Shuttle Radar Topography Mission (SRTM) (Jarvis et al., 2008). 
90m resolution resampled in 250 by 250 meters.
	Degree from the horizontal (ArcGIS).

	Distance to the nearest river
	Lake, pond and rivers, permanent and navigable. Vector format from the IBGE (IBGE, 2017)
	Nearest Distance (km, ArcGis).

	Distance to the nearest road
	Vector format from the Center for International Earth
Science Information Network (CIESIN) (2015) and from
the Brazilian Departamento Nacional de Infraestrutura de Transportes (DNIT, 2017)
	Nearest distance from each obs. unit in km with ArcGis in 1996.
	Nearest distance from each obs. unit in km with ArcGis In 2006.

	Distance to the nearest city
	Vector format from the Environmental Systems Research Institute (ESRI) (ESRI, 2013)
	Nearest distance from each obs. unit in km with ArcGis.

	Rainfalls
	Gridded annual data from the version 2.0 of Climate Hazard Group InfraRed Precipitation with Station Data (CHIRPS) (Funk et al., 2015). 0,05 degrees of resolution.
	mm. per year in 1995
	Average from
2001 to 2008 in mm. per year

	Soil suitability
	Gridded data from the Global Agro-Ecological Zone (FAO and IIASA, 2019) Rainfed soil suitability, high input farming
0.08 degree of resolution
	-

	Number
Of endemic species
	Vector format from the WWF WildFinder database of species distributions (WWF, 2006; Olson et al., 2001).

High endemism: from 21 to 47 endemic species; medium endemism: from 6 to 20 endemic species; low endemism: from 1 to 5 endemic species; no endemism (0 endemic species) is the baseline.
	Not used
	2006

	PA size
	WDPA (IUCN and UNEP-WCMC, 2017)
PADDDtracker (WWF, 2017b)
	Not used
	-

	IUCN category
	WDPA (IUCN and UNEP-WCMC, 2017), PADDDtracker (WWF, 2017b): II: National Parks; V: Protected Landscape; IV: Habi-
tat/Species Management Area; Ia (Strict Nature Reserve)
is the baseline.
	Not used
	-
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Table 2 Regressions for Tree-Cover Loss 
	PROBIT
	Unprotected Forest Loss 2001-20081
	Protected Forest Loss 2010-20152

	Road Distance in 1996
	-0.058
	-0.015
	-0.035
	
	
	

	
	(13.82)***
	(3.37)***
	(8.65)***
	
	
	

	Road Distance in 2006
	
	
	
	-0.737
	-0.270
	-0.094

	
	
	
	
	(23.28)***
	(8.08)***
	(2.79)***

	City Distance
	0.007
	-0.007
	-0.004
	-0.000
	-0.026
	0.026

	
	(3.87)***
	(3.15)***
	(1.73)*
	(0.04)
	(1.87)*
	(1.85)*

	River Distance
	0.047
	0.114
	
	-0.146
	-0.021
	

	
	(8.26)***
	(18.34)***
	
	(3.14)***
	(0.40)
	

	Slope
	-0.024
	-0.023
	-0.025
	-0.008
	-0.002
	-0.002

	
	(17.91)***
	(15.81)***
	(17.13)***
	(0.92)
	(0.23)
	(0.21)

	Elevation
	0.054
	-0.051
	-0.028
	-0.048
	-0.107
	-0.111

	
	(22.64)***
	(16.69)***
	(10.27)***
	(2.19)**
	(3.94)***
	(4.37)***

	Land suitable
	-0.035
	0.017
	0.027
	-0.116
	0.037
	0.037

	
	(5.50)***
	(2.59)***
	(4.02)**
	(3.01)***
	(0.90)
	(0.91)

	Rainfall in 1996
	-0.055
	-0.031
	-0.031
	
	
	

	
	(78.15)***
	(34.15)***
	(34.63)***
	
	
	

	Rainfall 2001-2008
	
	
	
	-0.920
	-0.920
	-0.611

	
	
	
	
	(15.70)***
	(15.70)***
	(8.34)***

	High # of Endemics
	
	
	
	-0.171
	-0.377
	-0.377

	
	
	
	
	(4.54)***
	(7.41)***
	(7.42)***

	Strict IUCN Category
	
	
	
	-0.508
	-0.508
	-0.599

	
	
	
	
	(11.91)***
	(10.91)***
	(12.15)***

	PA Size
	
	
	
	-0.000
	-0.000
	-0.000

	
	
	
	
	(0.57)
	(1.21)
	(1.23)

	Amapa
	
	-0.252
	-0.280
	
	-0.044
	-0.031

	
	
	(7.85)***
	(8.74)***
	
	(0.25)
	(0.18)

	Amazonas
	
	-0.524
	-0.565
	
	-0.501
	-0.489

	
	
	(28.91)***
	(31.48)***
	
	(5.02)***
	(5.13)***

	Roraima
	
	-0.162
	-0.213
	
	-0.750
	-0.736

	
	
	(7.09)***
	(9.40)***
	
	(3.37)***
	(3.35)***

	Para
	
	0.428
	0.376
	
	0.002
	0.018

	
	
	(26.55)***
	(23.73)***
	
	(0.01)
	(0.19)

	Rondonia
	
	0.655
	0.613
	
	0.573
	0.584

	
	
	(26.55)***
	(35.81)***
	
	(6.80)***
	(7.35)***

	Acre
	
	0.206
	0.203
	
	0.236
	0.228

	
	
	(9.12)***
	(8.97)***
	
	(2.66)***
	(2.56)**

	Mato Grosso
	
	0.652
	0.598
	
	0.083
	-0.019

	
	
	(40.77)***
	(38.09)***
	
	(1.54)
	(0.15)

	Tocantins
	
	0.163
	0.083
	
	0.609
	0.627

	
	
	(7.92)***
	(4.14)***
	
	(5.87)***
	(6.72)***

	Maranhao
	
	0.202
	0.794
	
	0.586
	0.591

	
	
	(10.59)***
	(10.12)***
	
	(2.48)**
	(2.52)***

	Constant
	-0.575
	-1.159
	-1.093
	-0.370
	-1.075
	-2.088

	
	(33.19)***
	(35.82)***
	(43.77)***
	(3.01)***
	(6.24)***
	(6.43)***

	Pseudo R2
	0.05
	0.11
	0.11
	0.11
	0.16
	0.16

	Observations
	772,381
	772,341
	772,341
	150,000
	149,967
	149,967


1 Looking only at unprotected points, for the controls to compare to 2001-2008 protection.
            	 2 Looking only at protected points, for the controls to compare to 2009-20012 PA erasures.
* p<0.1; ** p<0.05, *** p<0.01

Table 3A Descriptive Statistics, 1st Time Period: characteristics & 2001-2008 Deforestation
	
	Unprotected
	Constant-Sized PAs
	PAs Reduced In Size 2009-2012

	
	Mean
	Min.
	Max.
	Mean
	DiM*
	Combined KS*
	Min.
	Max.
	Mean
	DiM**
	Combined KS**
	Min.
	Max.

	Road Distance
	102
	0
	530
	151
	0.0
	0.0
	0
	523
	38
	0.0
	0.0
	0
	129

	City Distance
	408
	2
	1108
	359
	0.0
	0.0
	5
	926
	302
	0.0
	0.0
	27
	585

	River Distance
	55
	0
	297
	54
	0.0
	0.0
	0
	265
	51
	0.0
	0.0
	0
	112

	Slope
	1.6
	0
	41
	1.9
	0.0
	0.0
	0
	49
	1.4
	0.0
	0.0
	0
	18

	Elevation
	200
	0
	1597
	164
	0.0
	0.0
	0
	2410
	196
	0.06
	0.0
	25
	498

	Land Suitable
	81%
	0
	1
	82%
	0.39
	0.15
	0
	1
	88%
	0.0
	0.0
	0
	1

	Rainfall
	2199
	821
	4598
	2369
	0.0
	0.0
	1053
	3892
	1870
	0.0
	0.0
	1493
	2680

	Forest Loss 2001-2008
	2.7%
	0
	1
	0.4%
	0.0
	0.0
	0
	1
	8%
	0.0
	0.0
	0
	1


*P-values for differences in means and differences in distributions between Unprotected and Constant-sized.
**P-value for differences in means and differences in distributions between Unprotected and Reduced in Size.

Table 3B Descriptive Statistics, 2nd Time Period: characteristics & 2009-2012 Deforestation
	
	Constant-Sized PAs
	PAs Reduced In Size 2009-2012

	
	Mean
	Min.
	Max.
	Mean
	p*
	Combined KS**
	Min.
	Max.

	Road Distance
	103
	0
	421
	30
	0.0
	0.0
	.02
	96

	City Distance
	354
	5
	926
	304
	0.0
	0.0
	27
	585

	River Distance
	47
	0
	302
	49
	0.0
	0.0
	0
	112

	Slope
	1.9
	0
	49
	1.4
	0.4
	0.0
	0
	18

	Elevation
	175
	0
	2410
	192
	0.0
	0.0
	25
	498

	Land Suitable
	75%
	0
	1
	87%
	0.0
	0.0
	0
	1

	Rainfall
	204
	85
	352
	154
	0.0
	0.0
	115
	226

	Forest Loss 2010-2015
	0.3%
	0
	1
	5%
	0.0
	0.0
	0
	1

	High Endemic
	27%
	0
	1
	62%
	0.0
	0.0
	0
	1

	Strict IUCN
	37%
	0
	1
	53%
	0.0
	0.0
	0
	1

	PA Size
	16931
	0.5
	46428
	6629
	0.0
	0.0
	0.1
	26647


*P-values for differences in means and differences in distributions between Unprotected and constant-size.
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Table 4A 
Improving Covariate Balances for PAs’ Impacts on 2001-2008 Deforestation
	
	Unmatched
	Mahalanobis Distance Matching
	Propensity Score Matching

	
	% bias
	DiM*
	% bias**
	% reduced***
	DiM
	% bias
	% reduced

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	PAs Erased During 2009-2012  versus  Never Protected

	Land suitability
	17.2
	1.00
	0.0
	100.0
	0.86
	0.4
	97.4

	Distance to the nearest city
	-56.2
	0.55
	-1.5
	97.4
	0.02
	5.2
	90.7

	Distance to the nearest road
	-79
	0.13
	-1.9
	97.6
	0.00
	6.8
	91.4

	Distance to the nearest river
	-12.8
	0.96
	-0.1
	99.2
	0.02
	-6.3
	50.2

	Slope
	-9.2
	0.93
	0.2
	97.9
	0.46
	-1.8
	79.8

	Elevation
	-7.8
	0.90
	0.2
	97.0
	0.42
	-2.1
	72.3

	Rainfall
	-50.7
	0.08
	-2.6
	96.5
	0.00
	-11.2
	85.0

	Always Protected Through 2015  versus   Never Protected

	Land suitability
	1.8
	1.00
	0.0
	100.0
	0.31
	-0.6
	68.0

	Distance to the nearest city
	-24.9
	0.32
	-0.6
	97.8
	0.00
	-8.8
	64.8

	Distance to the nearest road
	40.1
	0.36
	0.6
	98.5
	0.00
	-7.2
	82.0

	Distance to the nearest river
	-4.0
	0.01
	1.5
	62.7
	0.00
	-5.5
	-36.8

	Slope
	10.6
	0.24
	0.5
	95.1
	0.00
	-1.8
	82.6

	Elevation
	-24.9
	0.03
	1.0
	95.8
	0.00
	-2.3
	90.8

	Rainfall
	16.9
	0.35
	-0.5
	97.4
	0.27
	0.6
	96.9


*P-value of simple difference in mean between treated and untreated matched samples.
· Standardized bias is the difference between the treated and matched untreated covariate means, as a % of the square root of the average of treated and matched untreated sample variances (Rosenbaum and Rubin, 1985).
***The reduction in standardized bias is the difference between the standardized bias before and after matching.

Table 4B 
Improving Covariate Balances for PA size reductions Impacts on 2010-2015 Deforestation
	
	Unmatched
	Mahalanobis Distance Matching
	Propensity Score Matching

	
	% bias
	DiM*
	% bias**
	% reduced***
	DiM
	% bias
	% reduced

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Erased in 2009/2012 vs Constant-Size

	Land suitability
	30.9
	1.00
	0.0
	100
	0.61
	1.3
	95.8

	Distance to the nearest city
	-30.6
	0.08
	5.9
	80.7
	0.85
	0.5
	98.2

	Distance to the nearest road
	-118.9
	0.02
	2.9
	97.6
	0.01
	-3.7
	96.9

	Distance to the nearest river
	6.3
	0.01
	6.2
	4.3
	0.26
	2.7
	56.8

	Slope
	-21.5
	0.29
	1.9
	91.2
	0.16
	-3.6
	83.2

	Elevation
	13.9
	0.29
	2.2
	84.6
	0.00
	-11.4
	18.8

	Rainfall
	-128.4
	0.43
	2.7
	97.9
	0.00
	8.6
	93.3

	PA size
	-85.8
	0.52
	-1.9
	97.8
	0.98
	-0.1
	99.9

	Endemic species
	76.6
	1.00
	0.0
	100
	0.89
	-0.3
	99.6

	IUCN category
	33.1
	1.00
	0.0
	100
	0.12
	-4.8
	85.3
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Table 5A 2001-2008 Impacts of PAs Constant-sized Through 2015 
	
	All
	<48
km
	>48
km
	<10
km
	10-30
km
	30-68 km
	>68
km
	In
Arc
	Not
Arc
	RO
	PA
	AM

	Total
	643,198
	258,722
	384,423
	98,812
	103,653
	120,345
	320,354
	181,192
	266 ,160
	29,845
	151,347
	236,397

	Treated
	62,480
	19,153
	  43,316
	6,500
	8,272
	10,094
	37,614
	16,65
	33,237
	5,923
	10,725
	28,776

	One to One Mahalanobis Distance Matching, caliper (0.5)

	ATT1
	-.02***
	-.03***
	-.01***
	-.04***
	-.03***
	-.04***
	-0.01***
	-0.7***
	-.003***
	-.09***
	-.05***
	-.00

	
	(.001)
	(.003)
	(.001)
	(.006)
	(.004)
	(.004)
	(.001)
	(.004)
	(.001)
	(.008)
	(.004)
	(.001)

	Bias2
	0.7
	0.6
	0.9
	0.6
	0.8
	0.5
	1.0
	1.1
	0.9
	1.3
	1.2
	1.1

	One to Two Mahalanobis Distance Matching, caliper (0.25)

	ATT
	-.02***
	-.03***
	-.01***
	-.04***
	-.03***
	-.03***
	-0.01***
	-.07***
	-.00***
	-.08***
	-.05***
	-.001

	
	(.001)
	(.002)
	(.001)
	(.005)
	(.003)
	(.003)
	(.001)
	(.003)
	(.001)
	(.007)
	(.004)
	(.001)

	Bias
	1.4
	1.4
	1.6
	1.4
	1.6
	1.7
	1.7
	2.2
	1.3
	2.3
	2.4
	1.3

	One to One Propensity Score Matching, caliper (0.01), without replacement

	ATT
	-.04***
	-.05***
	-.03***
	.06***
	-.06***
	-.05***
	-.03***
	-.09***
	-.00***
	-.12***
	-.07***
	-.003***

	
	(.0009)
	(.002)
	(.001)
	(.003)
	(.003)
	(.002)
	(.001)
	(.002)
	(.005)
	(.004)
	(-.002)
	(.001)

	Bias
	4.2
	1.2
	3.5
	2.9
	1.6
	2.1
	3.6
	3.7
	1.3
	1.8
	2.8
	2.4

	Sensitivity Analysis

	Gamma3
	5.8
	3.8
	10
	3.1
	4.2
	6.9
	10
	10
	2.3
	10
	10
	1.8

	P_mh-
	0.04
	0.03
	0.02
	0.03
	0.04
	0.04
	0.01
	0.00
	0.03
	0.00
	0.00
	0.03


* p<0.1; ** p<0.05; *** p<0.01
1Average Treatment effect on the Treated. Standard errors are in parentheses.
2Absolute value of the difference of means in the treated and matched untreated subsamples as a percentage of the square root of the average sample variance in both groups. Here, we report the average for all covariates.
3Critical value of the Rosebaum’s τ. It indicates by how much unobserved confounding factors could negatively influence selection into treatment. P_mh- is the associated significance level.

















Table 5B 2001-2008 Impacts of PA Size Reductions during 2009-2012
	
	All
	<48 
km
	>48
km
	<10
km
	10-30
km
	30-68
km
	>68
km
	In
Arc
	Not
Arc
	RO
	PA
	
	AM

	Total
	583,184
	241,334
	341,852
	92,346
	96,248
	110,738
	283,278
	166,597
	233,374
	25,807
	91,027
	
	205,257

	Treated
	2,463
	1,765
	703
	576
	867
	487
	538
	2,062
	406
	1,894
	168
	
	18

	
	One to One Mahalanobis Distance Matching, common support, caliper (0.5)

	ATT1
	.06***
	.06***
	.06***
	.06***
	.03*
	.21***
	0
	.05**
	.00
	.05***
	-.02
	
	.05

	
	(.014)
	(.014)
	(.024)
	(.025)
	(.019)
	(.027)
	(.030)
	(.021)
	(.003)
	(.019)
	(.036)
	
	(.078)

	Bias2
	0.9
	0.3
	2.1
	1.0
	0.6
	2.0
	2.1
	1.1
	2.9
	0.6
	1.7
	
	4.0

	
	One to Two Mahalanobis Distance Matching, common support, caliper (0.25)

	ATT
	.06***
	.07***
	.08***
	.05**
	.03*
	.22***
	.002
	.05***
	0
	.05***
	-.04
	
	0

	
	(.013)
	(.13)
	(.02)
	(.022)
	(.017)
	(.025)
	(.021)
	(.018)
	(.004)
	(.017)
	(.020)
	
	(.081)

	Bias
	1.2
	0.7
	2.4
	1.8
	0.8
	2.4
	2.7
	1.1
	2.1
	1.7
	1.9
	
	4.3

	
	One to One Propensity Score Matching, common support, caliper (0.01), without replacement

	ATT
	.11***
	.12***
	.11***
	.13***
	.11***
	.22***
	.07***
	.10***
	.04***
	.09***
	-.08***
	
	.15***

	
	(.009)
	(.010)
	(.014)
	(.019)
	(.015)
	(.024)
	(.012)
	(.011)
	(.009)
	(-.012)
	(.029)
	
	(.077)

	Bias
	4.8
	2.8
	5.8
	5.1
	4.8
	1.6
	3.8
	1.6
	7.8
	5.5
	4.6
	
	10

	Sensitivity Analysis

	Gamma3
	2.4
	2.5
	2.6
	2.4
	2.4
	3.4
	2.2
	1.8
	2.4
	1.5
	1.4
	1

	P_mh+
	0.02
	0.02
	0.049
	0.04
	0.04
	0.04
	0.049
	0.04
	0.04
	0.02
	0.04
	0.23


* p<0.1; ** p<0.05; *** p<0.01
1Average Treatment effect on the Treated. Standard errors are in parentheses.
2Absolute value of the difference of means in the treated and matched untreated subsamples as a percentage of the square root of the average sample variance in both groups. Here, we report the average for all covariates.
3Critical value of the Rosebaum’s τ. It indicates by how much unobserved confounding factors could negatively influence selection into treatment. P_mh+ is the associated significance level.
















Table 6 
2010-2015 Post-Reduction Deforestation Impacts of 2009-2012 PA Size Reductions
	
	All
	<48 
km
	>48
km
	<10
km
	10-30
km
	30-68
km
	>68
km
	In
Arc
	Not
Arc
	RO
	PA
	
	AM

	Total
	150,024
	44,453
	105,571
	11,688
	19,560
	30,120
	88,656
	62,881
	68,089
	9,239
	30,427
	
	63,244

	Treated
	2,245
	1,605
	640
	534
	784
	408
	519
	1,768
	473
	1,565
	203
	
	85

	
	One to One Mahalanobis Distance Matching, common support, caliper (0.5)

	ATT1
	.03***
	.04***
	.001
	.02*
	.04***
	.05***
	-.00
	.03***
	0
	.03***
	.006
	
	0

	
	(.005)
	(.006)
	(.008)
	(.012)
	(.010)
	(.016)
	(.00)
	(.007)
	(0)
	(.009)
	(.011)
	
	(0)

	Bias2
	2.4
	1.8
	5.6
	1.4
	1.6
	3.7
	5.6
	1.9
	7.3
	1.0
	1.8
	
	2.3

	
	One to Two Mahalanobis Distance Matching, common support, caliper (0.25)

	ATT
	.02***
	.03***
	0
	.03**
	.04***
	.01
	-.00
	.03***
	0
	.03***
	-.00
	
	0

	
	(.005)
	(.006)
	(.008)
	(.014)
	(.010)
	(.009)
	(.005)
	(.007)
	(0)
	(.009)
	(.009)
	
	(0)

	Bias
	1.8
	1.2
	5.9
	1.7
	0.9
	3.9
	6
	1.2
	6.0
	1.5
	1.7
	
	2.4

	
	One to One Propensity Score Matching, common support, caliper (0.01), without replacement

	ATT
	.05***
	.06***
	.04***
	.03***
	.05***
	.15***
	-.00
	.07***
	.02**
	.09***
	0
	
	0

	
	(.005)
	(.007)
	(.007)
	(.011)
	(.008)
	(.018)
	(.003)
	(.007)
	(.006)
	(.008)
	(.013)
	
	(0)

	Bias
	3.8
	4.2
	6.5
	6.7
	5.9
	5.0
	7.4
	3.0
	26.2
	4.1
	5.2
	
	29.6

	Sensitivity Analysis

	Gamma3
	6.4
	5.4
	3.7
	1.2
	5
	10
	1
	8
	1
	9.4
	1
	1

	P_mh+
	0.049
	0.049
	0.049
	0.03
	0.05
	0.03
	0.049
	0.049
	0.12
	0.049
	0.70
	.


* p<0.1; ** p<0.05; *** p<0.01
1Average Treatment effect on the Treated. Standard errors are in parentheses.
2Absolute value of the difference of means in the treated and matched untreated subsamples as a percentage of the square root of the average sample variance in both groups. Here, we report the average for all covariates.
3Critical value of the Rosebaum’s τ. It indicates by how much unobserved confounding factors could negatively influence selection into treatment. P_mh+ is the associated significance level.
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