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Abstract

:

Mapping slaughterhouse supply zones is crucial for assessing cattle concentration, environmental impact, and promoting sustainable practices. This study combines cattle transit records (GTA in Portuguese) with rural property boundaries (CAR in Portuguese) to map these zones in the Brazilian Amazon. It evaluates the influence of Zero-Deforestation Cattle Agreements (CA) and explores the overlap between CA and non−CA slaughterhouse supply zones. Results reveal that CA slaughterhouse supply zones significantly impact forest preservation and cover a large area equivalent to entire municipalities. Over two-thirds of the study region, including most non-protected areas, falls within these zones. There is a high degree of overlap (95%) with non−CA supply zones, indicating competition for suppliers and limited expansion potential for CA. Direct and indirect suppliers are located nearby, with approximately 80% of indirect suppliers within 100 km of direct suppliers. Consequently, supply zones for both types of suppliers largely overlap. These findings demonstrate that assessing slaughterhouse deforestation risk for the entire supply chain in our study region can be achieved by mapping only the direct suppliers. This research provides valuable insights into cattle concentration, the effectiveness of zero-deforestation commitments, and the need for sustainable practices in the slaughterhouse industry.
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1. Introduction


Brazil’s Amazon cattle herd has been growing rapidly in size since the first ranchers arrived in the region in the late 1960s. Over a span of three decades, the cattle population in the Brazilian Amazon experienced a remarkable six-fold increase, rising from 15 million heads in 1985 to a herd size in 2020 that matched the entire United States, totaling 93 million heads [1,2]. One of the consequences of this cattle herd surge was the increase in the total pasture area in the Amazon region, which increased from 23 million hectares (Mha) to 70 Mha over the same period—and covered 80% of the Amazon’s deforested area by 2020 [3]. Since the early 2000s, many governmental and private policies have been implemented in the Brazilian Amazon to reduce deforestation [4,5,6]. A significant reduction of 84% of the yearly deforestation rate was achieved between 2004 and 2008, from 2.78 Mha/year to 0.46 Mha/year (the region’s lowest deforestation rate), but deforestation rates rebounded by roughly 80% from 2013 to 2022, averaging more than 0.80 Mha/year during that time. While soy deforestation has slowed in the Amazon biome [7,8], pasture deforestation has continued to surge, driving the overall increase in yearly rates.



Starting in 2009, Brazil’s Federal Prosecutors (known by the acronym MPF in Portuguese), Greenpeace, and other non-governmental organizations (NGOs) have pressured and encouraged meatpacking companies to sign Zero-Deforestation Cattle Agreements (CAs) to help halt deforestation associated with cattle farming in the Brazilian Amazon. The agreements with the MPF consist of extrajudicial Terms of Adjustment of Conduct (known collectively as the Beef TAC). The Beef TAC emphasizes blocking purchases from suppliers who engage in illegal deforestation in the Legal Amazon as defined by the Brazilian Forest Code (FC) or that have committed other socio-environmental violations of the law such as forced labor, environmental embargoes, and overlap with protected areas [9,10,11,12]. The Greenpeace agreement, known as the Public Livestock Commitment or the “G4”, on the other hand, is a voluntary commitment that was also signed in 2009 by the region’s four largest slaughterhouses [13]. The G4 follows the Beef TAC’s criteria but emphasizes blocking suppliers with any deforestation (zero-deforestation criteria) and only applies in the Amazon biome. By 2016, approximately half of the state and federal slaughterhouses in the Brazilian Amazon, accounting for 70% of the region’s slaughter capacity that year, had signed the CAs [10].



Despite evidence that shows CA slaughterhouses avoid buying from properties with deforestation [11], research suggests the CAs have not resulted in significantly decreased deforestation even after over a decade of implementation [14]. This is partly because half of the major slaughterhouses in the Amazon, representing at least 30% of the slaughter market share, have still not signed onto the CAs [15]. Consequently, many direct suppliers with deforestation can continue to avoid monitoring by selling to a non−CA slaughterhouse, creating competition between the slaughterhouses that do and do not monitor deforestation [14,16,17]. In addition, animals live up to three years and move between multiple properties prior to slaughter, but only direct suppliers are monitored [15,18,19,20,21]. As a result, slaughterhouses leave out the indirect suppliers who rear and fatten the cattle before slaughter and where most of the deforestation occurs [11]. In some cases, this complexity in the supply chain can facilitate laundering, a process in which non-compliant suppliers purposefully modify documentation or transport animals to compliant suppliers before the ultimate sale to a CA slaughterhouse [11,18,21,22]. Expanding the CA to more slaughterhouses and suppliers is crucial to increase its influence in halting deforestation and reducing laundering. However, there are still challenges such as the lack of transparency in the data required to achieve this goal.



Previous studies suggest the potential benefits of combining cattle transit records (GTA in Portuguese) with rural property boundaries (CAR in Portuguese) to enhance information about indirect suppliers [11,15,16,18,19,21,22,23,24,25]. The GTA was developed by the Brazilian government in 2006 to control animal disease spread under the Unified Agricultural Health Care System [26]. It comprises information on the groups of animals being transported and their origins and destinations, while the CAR data contain property boundaries and landowner information, to manage and plan against deforestation in Brazil [27].



Merging GTA and CAR presents an opportunity to map the geographical locations of both direct and indirect suppliers. However, many challenges still need to be addressed in this approach [18,19,22]. Despite its great potential, merging GTA and CAR requires significant computational effort as various distinct programming techniques are necessary for data cleaning and standardization, as well as for organizing the information within a database. Furthermore, GTA data are publicly available only for some states, with some states lacking recent data with public access. Therefore, finding an approach to map the full supply zones for direct and indirect suppliers using only information about direct suppliers, which all slaughterhouses have access to, could be an important step forward for resolving many policy questions and business decisions.



To address this need, we have devised an innovative approach rooted in the concept of slaughterhouse supply zones. Slaughterhouse supply zones refer to geographic regions containing high concentrations of suppliers of a given slaughterhouse [10,14]. While supply zones have been used to analyze slaughterhouse influence, accurately delineating these zones has proven difficult due to data constraints. While other studies have suggested different methods to delineate the zones, including creating buffers around slaughterhouse coordinates [14], estimating maximum purchasing distances [10], and using trip lengths [28], they are mostly best guesses for direct suppliers and do not consider the full supply chain. This has resulted in imprecise zone boundaries, which impedes a comprehensive understanding of the dynamics within slaughterhouse supply chains. Our approach improves these methods and results in the first supply zone maps calibrated with actual supplier data, revealing for the first time the true sizes and shapes of these zones. Though we would expect that supply zones in other regions where supplier information is not available would differ somewhat from those that we can map on the Amazon, we believe that understanding the characteristics of these zones can provide important insights that improve risk analysis that encompasses regions or in contexts where supplier data are not available.



In this study, we conducted a comprehensive mapping of slaughterhouse supply zones, considering both direct and indirect suppliers, utilizing data obtained from GTA and CAR. The mapping process encompassed the states of Pará, Mato Grosso, and Rondônia and covered the period from 2013 to 2018, which is when comprehensive data is available for all three states. Our goal was to evaluate the following research questions: (i) What was the size of the supply zones of direct and indirect suppliers of CA and non−CA slaughterhouses from 2013 to 2018? (ii) What are the characteristics of these zones and suppliers in terms of overlap and distances among them, land use, and deforestation? (iii) How would CA supply zones change if the first layer of indirect suppliers were to be monitored? And finally, (iv) How would they change if more slaughterhouses joined the CA? Our findings provide a comprehensive geographical picture of the cattle supply chain across current and potential CA supply zones for slaughterhouses in the three most important cattle-producing states in the Brazilian Amazon.




2. Materials and Methods


2.1. Study Area


Our study covers Pará, Mato Grosso, and Rondônia, which span 239 Mha, accounting for approximately 48% of Legal Amazon (Figure 1). These states are of particular significance in the context of our research as they represent 80% of the total cattle slaughtered in the Amazon. This area contains portions of three biomes: the Amazon, Cerrado, and Pantanal. The Amazon biome covers 82% of the land, followed by the Cerrado with 15% and the Pantanal with 3%. More than half of the Amazon and Pantanal biomes and 17% of the Cerrado biome are within our study area.




2.2. Processing the GTA-CAR Data


To identify direct and indirect suppliers, we downloaded roughly ten million GTA transactions from the websites of the state animal sanitation offices in Pará, Mato Grosso, and Rondônia, as well as the Brazilian Ministry of Agriculture, Livestock, and Food Supply (MAPA in Portuguese) (Table A1). These GTA transactions took place between January 2013 and December 2018 and moved a total of 233 million heads during this period for various purposes (Table S1). Approximately 25% of the total cattle heads were moved for slaughter, while 75% were for other purposes, with the majority being for fattening (58%) and breeding (14%). Since GTAs do not contain individual information about animals, it is possible that one or more animals have been counted more than once in the total count of moved animals. To assess the scope of our GTA database, we juxtaposed the aggregate of animals designated for slaughter within the analyzed states and time frames against the slaughter information from the Brazilian Institute of Geography and Statistics (IBGE) [29]. The GTA records tallied a sum of 57,181,510 heads for slaughter, whereas the IBGE data indicated 59,197,746 heads—yielding a correspondence rate of 97%.



Next, we downloaded 381,269 distinct rural property boundaries from each state’s environmental agency and two federal systems, the System of Rural Environmental Registry-SICAR and Land Management System-SIGEF (both acronyms in Portuguese) across Pará, Mato Grosso, and Rondônia between 2013 and 2018. The distribution of these properties within the analyzed states unfolded as follows: Pará concentrated 173,584 properties (representing 45% out of 381,269), Mato Grosso had 112,949 properties (30%), and Rondônia featured 94,736 properties (25%).



In the third step, we linked the GTA and CAR properties by applying the matching methods described in [18,22,23], which involve matches based on common landowner and property information found in both databases (full methods described in Appendix A). We identified 439,469 unique properties based on the property and owner attributes in the downloaded GTA transactions [18,22,23]. From this total, we identified 149,491 unique GTA properties (34% of 439,469) associated with unique CAR properties, referred to here as matched properties (Figure 1). The matching rate was higher in Pará and Mato Grosso (50–55% and 45–50%) and lower in Rondônia (25%). The remaining 66% of the unique GTA properties had no match due to limitations in the quality of information available in the GTA and CAR databases.



The matched properties covered 40 Mha, representing 26% of the total area of rural property boundaries within Pará, Mato Grosso, and Rondônia. These matched properties moved 155 million heads, representing 67% of the total cattle volume (233 million heads) traded within our full set of GTA transactions (matched and unmatched). Almost one-third (45 of 155 million heads) of the cattle that originated in the CAR-GTA properties were sold for slaughter, which corresponded to 76% (of 59 million heads) of the total heads slaughtered according to IBGE.




2.3. Mapping the Slaughterhouse Supply Zones


We mapped the slaughterhouse supply zones by identifying the locations of their direct suppliers and the tier−1 indirect suppliers that sell to the direct suppliers. We define “supply zone” as the generalized polygon surrounding the suppliers of most of the cattle that are purchased by a slaughterhouse. Suppliers that are spatially dispersed and contribute minimally to the total cattle received by the slaughterhouse are not considered part of the slaughterhouse supply zone (see Figure S3). By defining these polygons, we identify the zone in which most potential suppliers to the slaughterhouse are likely to be located and, conversely, the remaining regions in which suppliers or important suppliers to the slaughterhouse are unlikely to be found.



We followed four main steps to identify the slaughterhouse supply zones. First, we selected a sample of slaughterhouses. We mapped only the slaughterhouse supply zones of those that slaughtered more than 1000 heads of cattle per year between 2013 and 2018 and had a sanitary inspection code. This threshold was determined because fewer than 1% of the analyzed slaughterhouses sell fewer than 1000 heads per year. This resulted in a sample of 142 slaughterhouses listed by GTA. Approximately half of these slaughterhouses (54%) were part of the Federal Inspection System (SIF), which allows for export to other states and countries. Another 38 slaughterhouses (27%) held licenses from the State Inspection System (SIE), meaning the meat could only be sold within the state of slaughter. The remaining 27 plants (19%) that were not listed under SIF or SIE were classified as “Others”.



We proceeded to select a sample of direct and tier−1 indirect suppliers, with direct suppliers being establishments that sold cattle for slaughter to the identified slaughterhouses between 2013 and 2018, and tier−1 indirect suppliers being those selling to direct suppliers for non-slaughter-related purposes in the same year. While the Brazilian cattle supply chain involves diverse roles, we classified properties based on their “highest” role in the chain (e.g., as direct or tier−1 indirect suppliers) to ensure clarity in our analysis and alignment with supply chain policies like CA, which operate at the property level. In this process, we considered only direct and tier−1 indirect suppliers who sold at least 16 heads of cattle in a single transaction per year, resulting in a total of 97,085 unique matched properties for the entire study period. We chose a threshold of 16 animals, the number required to fill a single cattle truck, to exclude suppliers who sold very small quantities of cattle [18].



The third step was to determine the maximum spatial autocorrelation among the suppliers, weighted by the volume of cattle moved in a year to identify the spatial clusters of suppliers. For this, we used the Incremental Spatial Autocorrelation (ISA) function available in the ArcGIS Pro software version 3.1.3 [30]. For example, to identify the maximum spatial autocorrelation of direct suppliers for a specific slaughterhouse X each year Y, we provided the ISA function with the locations of the direct supplier polygons, along with a field in the attribute table indicating the total cattle sent for slaughter at slaughterhouse X in year Y. The result of the ISA function was the distance in kilometers where the spatial autocorrelation is maximum.



The last step was to draw polygons representing the slaughterhouse supply zones based on the supplier locations and the distances calculated in the previous step. For this, we used the Aggregate Polygons method in ArcGIS Pro [31]. This function combines polygons that are within a specified distance of each other, forming new polygons. In this case, the specified distance was the result of step three. This process was repeated for all direct and tier−1 indirect suppliers of the sample slaughterhouses (n = 142).




2.4. Defining the CA and Non−CA Slaughterhouse Supply Zones


We then identified which slaughterhouse supply zones from Section 2.3 were already being monitored by CA between 2013 and 2018, by checking if they were on CA slaughterhouse lists compiled by [10]. We found 81 slaughterhouses that had signed the CA, representing 57% (out of 142) of all slaughterhouses in our sample; more slaughterhouses signed after our study period. A significant proportion of the CA slaughterhouses (59 out of 142, or 42%) were SIFs, accounting for 77% of the total SIF facilities in the states of Mato Grosso, Pará, and Rondônia. Additionally, seven CA slaughterhouses were classified as SIEs, representing 18% of the total SIE facilities. We then defined four main types of zones described in Table 1.




2.5. Characterizing the Slaughterhouses’ Supply Zones


We quantified a series of characteristics for each slaughterhouse supply zone to provide a comprehensive understanding of the geographic features, land use, deforestation, carbon emissions, and suppliers’ roles. Appendix B has further information on how we computed these characteristics.




2.6. Estimating the Potential Expansion of CA Slaughterhouse Supply Zones


We then investigated three pathways to expand the CA supply zone area: (1) CA slaughterhouses expand monitoring to include tier−1 indirect suppliers, (2) Non−CA slaughterhouses begin monitoring direct suppliers, and (3) Non−CA slaughterhouses begin monitoring both direct and tier−1 indirect suppliers. To do this, we first aggregated all CA direct supply zones onto a single map. Then, we incorporated the corresponding additional supply zones (i.e., tier−1 indirect supply zone for pathway 1) to consider the three potential pathways of expansion.





3. Results


3.1. Spatial Extent of Slaughterhouse Supply Zones between the Years 2013 and 2018


The land across Mato Grosso, Pará, and Rondônia is likely to be influenced by slaughterhouses, especially those in CA. In 2018, their direct and indirect supply zones spanned 170 Mha, which accounts for 71% of the total study area. A large portion of the supply zone area (94% of 170 Mha; or 160 Mha) was within the direct supply zone of the CA slaughterhouses, which have monitoring systems for direct suppliers (Figure 2). As shown in Figure 2, there was a considerable overlap (95%) between the direct supply zones of the CA slaughterhouses and zones not monitored by the CAs.



Our analysis identified a significant degree of proximity between direct suppliers and tier−1 indirect suppliers, for both CA and non−CA slaughterhouses. Approximately 80% of tier−1 indirect suppliers were located within 100 km of direct suppliers, with a median value of 21 km. Additionally, we observed that CA and non−CA slaughterhouses were, on average, within a radius of 39 km from each other. The greatest distance found between a pair of neighboring CA and non−CA slaughterhouses was 170 km, which is a little over four hours of travel time for a truck traveling at 40 km/h. These spatial characteristics promote competition between CA and non−CA slaughterhouses and facilitate the transfer of cattle between direct and tier−1 indirect suppliers.




3.2. CA’s Slaughterhouse Supply Zones Characteristics


3.2.1. Spatial Stability between 2013 and 2018


The coverage of the CA direct supply zone was relatively stable between 2013 and 2018 (Figure 3). We observed that 96% of the total extent corresponded to locations that remained the same for two or more consecutive years. Of these, 71% of the area persisted unchanged for all years. Approximately 25% of the CA direct supply zone persisted between two to five years, while 4% appeared only in one year. In Mato Grosso, 82% of the CA direct supply zone persisted all six years, 16% between two to five years, and only 2% were included in only one year. In Pará, these levels were 63%, 29%, and 8%, respectively. Rondônia was the state with the lowest persistence over time, with half of that state’s CA direct supply zone persisting between two and five years, 46% in all six years, and 3% included in just one year.




3.2.2. Land-Use Characteristics


We observed that practically all the pasture in our study region (99% of 49 Mha) was within CA direct supply zones, though most of this area overlapped with other zone types. Indeed, supply zones from non-monitored suppliers (non−CA direct and tier−1 indirect suppliers, as well as CA tier−1 indirect suppliers) that did not intersect with the CA direct supply zone accounted for less than 1% of the pasture. The concentration of pasture in CA direct supply zones was almost 100% in Mato Grosso, 99% in Rondônia, and 96% in Pará.



In addition, 86% of natural vegetation (90% covered by forest vegetation) situated outside of protected areas (Conservation Units, Indigenous Lands), and Military Areas in 2018 fell within CA direct supply zones. In Mato Grosso, Rondônia, and Pará, this proportion was 98%, 90%, and 71%, respectively. Here again, we observed that 84% of this vegetation was also included inside other types of zones (CA tier−1 indirect, non−CA direct, or indirect). In Mato Grosso, Rondônia, and Pará, this percentage was 94%, 88%, and 70%, respectively.



Likewise, the CA direct supply zone covered nearly all the deforested areas across the three states. We observed that approximately 99% (61 Mha) of the cumulative deforestation by 2007 and 97% (7 Mha) of the yearly deforestation between 2008 and 2018 was within the CA supply zones. Finally, we observed that the median deforestation within the CA supply zones was 0.04 Mha between 2008 and 2018 (Figure S2). The associated CO2 emissions from this deforestation amounted to 12.45 MtCO2e per year.




3.2.3. Suppliers’ Characteristics


The 39,439 CA direct suppliers used to define the slaughterhouses’ supply zones covered 17% (28 Mha of 160 Mha) of the total zone area and 70% of the total GTA properties area. The remaining 83% (132 Mha of 160 Mha) was composed of 120 Mha (75% of 160 Mha) of area not within our GTA properties sample, and 12 Mha of other GTA properties (8% of 160 Mha).



CA direct suppliers have multiple roles in the supply chain. We found that 12% of total cattle moved by CA direct suppliers are slaughtered in CA slaughterhouses, 7% are slaughtered in non−CA slaughterhouses, and 78% are sent to other properties for purposes other than slaughter. Based on medians, we discovered that direct suppliers from SIF slaughterhouses delivered around 11% to 17% of their cattle for slaughter to a CA slaughterhouse, while they sent only 4% to 11% of their animals to non−CA slaughterhouses. CA direct suppliers to state and other smaller slaughterhouses similarly sent the bulk of their cattle (more than 90%) for non-slaughter transactions.



Finally, most deforestation within CA direct supply zones was outside the CA direct suppliers’ properties. Two-thirds (66% of 61 Mha) of the deforestation accumulated by 2007 occurred outside of our GTA-CAR sample, with 24% (15 Mha) on CA direct suppliers, and 10% (6 Mha) on other GTA properties. Similarly, the non-GTA-CAR areas accounted for much of the deforestation from 2008 to 2018 (63% or 5 Mha of 8 Mha), with CA direct suppliers accounting for 13% (1 Mha) and other GTA properties contributing to just over 1 Mha, with another 1 Mha found on CA indirect suppliers.





3.3. Expanding Pathways of CA Slaughterhouse Supply Zones


The spatial distribution of slaughterhouses and of direct and indirect suppliers implies that extending the CA to non−CA slaughterhouses or to tier−1 indirect suppliers would have a negligible effect on the area of CA direct supply zones. As previously reported, there was a substantial overlap (95%) between the accumulated area of CA direct supply zones and the non−CA supply zones. Incorporating all non−CA slaughterhouses in the agreements would have only increased the CA supply zones by 3 Mha. The magnitude of this increase would have varied by state, with Pará experiencing the highest increase at 14%, followed by Rondônia at 7%, and Mato Grosso at a marginal 1%. Likewise, adding only the zones of CA tier−1 indirect suppliers to the CA direct supply zones would have expanded the reach of CA slaughterhouses by 5 across all states combined, with the increase being more pronounced at the state level in Pará (11%), and more modest in Mato Grosso (2%) and Rondônia (<1%).



In addition, expanding the CAs to include additional slaughterhouses could have a modest impact when considering the coverage at the property level. The inclusion of all non−CA slaughterhouses and their direct suppliers into the CA direct supplier’s area would result in a 7% increase in the area covered by properties subject to the CA. However, expanding the agreements to encompass tier−1 indirect suppliers of CA would increase the monitored properties area by 34%, as estimated from GTA data. If all slaughterhouses monitored their direct and tier−1 indirect suppliers, the total increase would be 42% over the property area that was monitored by the current signatories of the CA.



While our findings indicate that expanding the CA would have a negligible effect on the area covered by CA direct supply zones, it’s worth noting that expanding it to non−CA slaughterhouses or their tier−1 indirect suppliers could significantly boost the CA coverage of the overall cattle supply. CA direct suppliers sold 48% of the total slaughter volume to slaughterhouses and received 12% of total cattle moved between properties in our study period between 2013 and 2018. Federally inspected non−CA slaughterhouses along with CA slaughterhouses, slaughtered 84% of cattle in our study area and period; these cattle were sold to slaughter from properties that purchased 21% of all the cattle traded between properties. Thus, the expansion of the CA to all remaining federally inspected slaughterhouses in the region represents an opportunity to significantly increase the influence of the CA. Considering all state-level slaughterhouses raises the slaughter volume further, to 90%, and the links to the total number of cattle moved to 22%. Direct suppliers overall received 25% of the total cattle moved between properties.



Expanding the CA to include monitoring of the properties that sell cattle to direct suppliers (tier−1 indirect suppliers) would increase their coverage of the cattle supply chain overall. The inclusion of tier−1 indirect suppliers to CA slaughterhouses in our study zone and region would have increased their coverage to 29% of the total cattle moved between properties. The inclusion of tier−1 indirect suppliers to all federally inspected slaughterhouses would have covered 54% of cattle moved between properties. Expansion to all state-inspected slaughterhouses would further increase this coverage to 63% of animals moved between properties.





4. Discussion


4.1. Our Supply Zones Are More Narrow and Precise than Previous Estimates


Our delimitation of supply zones, based on registered cattle transactions, produced more precise and smaller zones than previous work. We found that the buffers approach, which is the most widely used approach [14,16,18,22], tended to produce larger slaughterhouse zones when compared to our method—by 34% in total area of all zones combined and 33% per zone (median). The cost-distance approach from Barreto and colleagues [10] also overestimated zone boundaries compared to our results, by including regions covered by rivers and without cattle suppliers, leading to a 12% larger median area of each zone. Policies and studies using more generalized approaches should be aware of the potential overestimation of the area involved.



Our approach is a significant methodological advancement in utilizing GTA traceability data to estimate cattle supply chains and assess the associated risk of deforestation. The method we have developed has the potential for broader application in other states across the country where cattle transactions and property boundary data are available. One of the major achievements of our approach is demonstrating that slaughterhouses and other stakeholders, such as the leather sector, can assess the overall risk within their entire supply chains by mapping only slaughterhouses’ direct suppliers. By utilizing this information alone, they can now comprehensively evaluate the overall risk encompassing their entire supply chain. This accomplishment highlights the clear and effective mapping of the full supply chain, which can provide valuable insights for decision-making and risk-management strategies.




4.2. High Overlap between CA and Non−CA Supply Zones May Stimulate Competition and Laundering


Our findings show a high degree of overlap (95%) between CA direct supply zones and other zone types (CA tier−1 indirect suppliers and non−CA direct and tier−1 indirect suppliers). Although this result is generally consistent with other studies that found a large overlap between zones of slaughterhouses that signed the agreements and zones of slaughterhouses that did not sign [10,16,17,32], our study is the first to find overlap between direct and indirect supplier zones of slaughterhouses that signed and did not sign the agreements. These findings provide fresh knowledge of the possible risk of competition and cattle laundering operations, which limit the efficiency of the agreements in reducing deforestation.



Competition with and leakage to non−CA slaughterhouses and cattle laundering are activities that may occur in isolation or in tandem. Competition often arises when CA slaughterhouses cannot locate enough cattle from complying suppliers within their supply zones to satisfy their demand due to suppliers selling cattle to non−CA slaughterhouses, potentially resulting in a cattle shortfall [17]. Cattle laundering may occur when non-compliant tier−1 indirect suppliers can sell to compliant CA direct suppliers without triggering the CA slaughterhouse’s monitoring systems [11,33]. Leakage may also happen when deforestation from a CA direct supplier moves to non−CA suppliers or to indirect suppliers [17].



Expanding the CA to include additional non−CA slaughterhouses would help mitigate these risks by lowering the economic burden incurred by CA slaughterhouses due to higher buying regulations, as well as limiting the potential for competition and laundering [9,10,11,19]. Without an expansion of CA to more slaughterhouses and more suppliers, we believe there is an imminent risk that cattle suppliers will resort to deforestation to produce cattle. Increased competition and cattle laundering will likely result in CA slaughterhouses being forced to buy cattle coming from deforested farms, which could further decrease the effectiveness of CA in forest conservation.



New alternatives have been discussed to expand CA monitoring to more suppliers and more slaughterhouses. Recently, the MPF has strengthened its partnership with non−governmental agencies and universities to harmonize the methods of analysis and audit of CA slaughterhouses [12]. In addition, new projects have been launched to help slaughterhouses understand the deforestation contamination level of their supply chain. Among these projects, we highlight a few: SeloVerde, Visipec, Beef on Track, and Trase. SeloVerde, launched in the state of Pará, is the first public tool in Brazil with the objective of providing information on compliance with the Forest Code and estimating the contamination of the cattle supply chain [34]. Visipec, is a tool developed in partnership with the National Wildlife Federation (NWF) and the University of Wisconsin-Madison to help the cattle industry estimate the contamination with deforestation of indirect suppliers [35]. It also includes ways to incorporate indirect suppliers in the monitoring based on Best Practices criteria, validated by industry representatives and indirect suppliers [36]. Finally, Beef on Track and Trase have been helping increase the transparency of information regarding the cattle sector at the Brazilian Amazon and Global scales, respectively [12,37]. As these projects are in their early years of implementation in the Brazilian cattle sector, it is still too early to estimate their effectiveness in curbing deforestation and CA expansion. However, strategies such as these have the potential to accelerate the expansion of CAs through social or market pressure created by the information arising from these instruments.




4.3. CA Slaughterhouses’ Direct Supply Zones Are Stable Regions That Concentrate Much of the Unprotected Vegetation


Our results suggest that the supply zones of CA slaughterhouses covered a significant portion of the states of Pará, Mato Grosso, and Rondônia. The CA direct supply zones are stable over time and individually comparable in size to large Amazonian municipalities (Figure S1). This means that the companies and managers of each CA slaughterhouse could potentially influence land use decision-making over very large swaths of land. Moreover, these areas contain virtually all vegetation outside Indigenous Lands, Conservation Units, and Military Areas within the CA direct supply zones. Given that the decision-making regarding deforestation ultimately rests with landowners such as cattle ranchers, which is influenced by CA slaughterhouses’ sourcing criteria, we posit that these slaughterhouses have the potential to impact vegetation regions beyond their direct suppliers [38].



It is also worth noting that areas of natural vegetation outside the reach of CA slaughterhouses could be designated for other purposes, such as the creation of new protected areas or limited-use areas, without affecting cattle production in the states studied. Several studies have shown that Protected Areas are an effective way to contain deforestation in the Amazon [39], while new investments in intensified cattle ranching can expand cattle production without new deforestation in the Amazon [40].





5. Conclusions


Our results have demonstrated the remarkable potential that meatpacking companies hold to influence the fate of the Amazon. We found that CA and non-CA slaughterhouse supply zones combined cover vast areas, including most unprotected land. Current CA supply zones alone encompass 67% of the total area included in the states of Pará, Mato Grosso, and Rondônia (160 Mha), consisting predominantly of pasture and deforested lands. Additionally, we found the large size of the supply zones and proximity between slaughterhouses lead to a 95% overlap between CA and non-CA supply zones, which probably results in increased competition for suppliers. This makes it harder for CA slaughterhouses’ blockage of non-compliant suppliers to be impactful, as those suppliers can easily sell to non-CA slaughterhouses instead. Expanding the CA to all slaughterhouses would help reduce the competition and increase the pressure on producers to avoid deforestation, even if the geographical area directly influenced does not expand significantly. Similarly, monitoring indirect suppliers would not expand the area covered substantially, but would provide a leap forward in helping to reduce deforestation [11,16,18,19,21]. The geographical proximity of direct and indirect suppliers enables a more comprehensive risk assessment across Brazil, and our methodological advancements in accurately mapping supply zones equip stakeholders, such as slaughterhouses, with tools to thoroughly evaluate deforestation risk within their supply chains.
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Appendix A. Mapping Cattle Supply Chains by Linking GTA and Property Records


Our research team has developed a precise method to match GTA and CAR based on the methods from [18,22,23] and data from different sources (Table A1). We have fine-tuned coding rules, informed by extensive testing and the expertise of our team and specialists, to pair matching fields in records. When specific criteria are met (see Table A2 for details), two records are considered a match, and they receive a unique “property ID” indicating they belong to the same property.



It is essential to note that our method differs from typical matching systems that allow for variations (fuzzy matching). Instead, we use strict matching criteria that we have refined over time. This approach ensures accurate matches while minimizing errors. In groups of properties with CAR records (“matched properties”), we correlate spatial and land-use data, including deforestation data from PRODES and information on slaughterhouses. After matching, we organize the data into structured tables in the PostgresSQL database, allowing for various types of analysis while preserving data traceability [23].





 





Table A1. Datasets used to match the GTA and CAR data.






Table A1. Datasets used to match the GTA and CAR data.





	
Data

	
Source

	
Period

	
Link to Access the Data

(Accessed Period: 1 January 2018 to 31 March 2019)






	
GTA

	
Pará

	
2013–2018

	
http://www.adepara.pa.gov.br

https://www.indea.mt.gov.br




	
Mato Grosso




	

	
Rondônia

	

	
http://www.idaron.ro.gov.br




	
CAR

	
Pará

	
2013–2018

	
http://car.semas.pa.gov.br




	

	
Mato Grosso

	

	
https://geoportal.sema.mt.gov.br




	

	
Rondônia

	

	
http://car.sedam.ro.gov.br











 





Table A2. Rules for matching records in GTA and property databases. Source West et al. [23].






Table A2. Rules for matching records in GTA and property databases. Source West et al. [23].









	Rule Description
	Notes





	Match on property name, municipality, and CPF.
	CPF is the Brazilian Tax Identification Number for Individuals.



	Match on property name, municipality, and CNPJ.
	CNPJ is the Brazilian Tax Identification Number for companies.



	Match on property identifier, municipality, and similar property name.
	Examples of property identifiers: Código do estabelecimento (GTA), SICAR number, state CAR number, Código do imóvel (INCRA), etc.



	Match on municipality and property boundary.
	



	Match on property name, municipality, and owner name.
	Applied when the CNPJ number is missing.



	Match on property name, municipality, and owner name under different circumstances.
	Applied when the CNPJ number is available.



	Match on municipality, person/company, and “property name containment”.
	“Property name containment”: when one name contains the other as a substring. Example: BOA VISTA contains the name VISTA



	Match on property name, person/company, and neighboring municipality.
	



	Match on person/company, municipality, and property name with numerals removed.
	



	Match on person/company, neighboring property boundary, and property name with numerals removed.
	



	Match on property name and coordinates falling within the property boundary.
	



	Match on property name, municipality, and coordinates.
	



	From the property maps, match on the best GTA property with a similar owner name using a random forest classifier.
	In addition to the CAR, the matching also included the INCRA and Terra Legal databases. Together, we refer to sources that provide property boundaries as property maps.



	From the GTA, match on the best property with pasture with similar owner name using a random-forest classifier.
	The random forest is trained on familiar attributes like municipality, property name, etc.



	From the MT-GTA, match on the best MT-CAR property with a similar owner name using a random-forest classifier.
	Mato Grosso state (MT).



	From the GTA, match RO properties to the CAR on municipality, owner, and similar address information.
	Rondônia state (RO).

Address information extracted: “LINHA”, “GLEBA”, “LOTE”, “BR”, and “KM”.



	Match on CAR number if the geometries are within 1 km of each other.
	



	For CAR records without a geometry, match on CAR number and most similar property name to records with a geometry.
	



	For GTA records that list a CAR number in their notes, match on CAR number and most similar property name.
	



	For CAR records that only provide a geometry, match to JBS traceability data on intersecting coordinates.
	More information available at:

https://jbs.com.br/en/press/releases-en/blockchain-platform-developed-by-jbs-begins-operation/ (Accessed on 15 February 2019)









Appendix B. Supply Zones Characteristics


Below we provide a series of characteristics that we calculated for each supply zone from this study. The data used here are organized in Table A3. First, we classified the zones based on the health inspection classification (SIF, SIE, Others), agreements (CA or non−CA), and supplier type (direct or tier−1 indirect). Second, we calculated geographical characteristics such as the area in hectares and the overlap with other zones. We computed a set of summary statistics based on the zone’s areas (average, median, and range) and how they vary at the state level. In addition, we calculated the cumulative area of each zone by year and the overlap of these cumulative areas over the years 2013 to 2018. We further analyzed the overlap of the cumulative areas of CA and non−CA zones for the entire period (2013–2018).



Third, we assessed the land use based on Mapbiomas collection 6 data from [41]. We started by reclassifying the original 30+ land-use classes from Mapbiomas for the year 2018 into four main classes: (i) pasture, (ii) natural vegetation (forest or non-forest vegetation); (iii) soybean, (iv) and others. The output here was the total zone percentage and total area in Mha covered by each of the land uses for 2018.



The following characteristics were deforestation and associated carbon emissions. We first calculated deforestation using PRODES data for the Amazon and Cerrado biomes [42]. The PRODES measure the clear-cutting of forest areas. We excluded deforestation below 6.25 hectares from the PRODES Amazon and one hectare from the PRODES Cerrado since these figures are the minimum mapping unit according to their methodologies. Zones within the Pantanal biome were excluded from our assessment since the PRODES Pantanal is still preliminary. The PRODES data were grouped into one category for deforestation through 2007 and a second category for annual deforestation between 2008 and 2018. To quantify carbon emissions from deforestation, we overlaid deforestation data on the above and below-ground biomass carbon per hectare map from [43] to calculate the total carbon dioxide equivalent (CO2) emission in mega (106) metric tons (MtCO2e) using the committed flow method outlined in [40].





 





Table A3. Datasets used to assess the supply zones’ characteristics.






Table A3. Datasets used to assess the supply zones’ characteristics.





	
Data

	
Source

	
Period

	
Link to Access the Data






	
Deforestation

	
PRODES Amazon

	
Accumulated deforestation 2007 and annual deforestation 2008–2018

	
http://terrabrasilis.dpi.inpe.br/en/download-2/

(Accessed on 20 February 2023)




	
PRODES Cerrado




	
Land-use

	
Mapbiomas collection 6.0

	
2013 and 2018

	
https://mapbiomas.org/en/download

(Accessed on 20 February 2023)




	
Carbon stock

	
Soto-Navarro et al. (2020) [43]

	
2010

	
https://developers.google.com/earth-engine/datasets/catalog/WCMC_biomass_carbon_density_v1_0

(Accessed on 20 February 2023)
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