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Supplementary Figures

SUPPLY-CHAIN DATA ANALYSIS

= Logillngf Logging permits Logging permits compilation
ustainable °rTSt = State-level (AUTEF) = |dentification of permits from
management plans = National-level (AUTEX) |, transport records

* Legal deforestation _| * Data compilation (bulk &

manual download, pdf
scraping)
Forest inventory data = Cross-checking against other
= National forest inventory sources
(RADAM) data for Para state ¥
Missing / invalid permits
* Matching logging permits
against transport records
| Roundwood removal records * Identifying logging record
 State-level (GF1, SISFLORA) status M
‘ = National-level (DOF,

Supply-chain — SINAFLOR) _* Overstated yields
Transport from * Yields calculated from logging
logging sites permit area & roundwood
* Roundwood Transport records n.emoval data

« State-level (GF2-4, SISFLORA) | | |* Yields compared to forest
Sawmills & = National-level (DOF, inventory data N
processors SINAFLOR) 5
= Sawnwood ¥ Roundwood production
= Planed wood * Removal of duplicates
R between SISFLORA &

= Decking SINAFLOR

®= Flooring 3

= \leneer L,/ Supply-chain discrepancies

 Conversion of product flows
to roundwood equivalents
* Calculation of inflow-outflow
discrepancies by actor
vy +
Apparent L Input-output modeling B
consumption >

* Bilateral transaction (input-
output) matrix at actor-level

* Permit status & overstated
yields added as extensions

= Further processing
= Export

Fig. S1 Overview of the different components of the analysis (right), what data is used in
the different steps (center), and how this links to the different stages of the timber supply
chain (left).
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Fig. S2 Temporal evolution of production by municipality for volume originating from all
logging permits (a-b) versus only for invalid ones (c-d).
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Fig. S3 Contrasting species yield between volume entering the supply chain and RADAM
national inventory. Ipé yield density for our data (a) in contrast to the national RADAM
forest inventory (b). Colors show the intervals <90th, 90-95th, 95-99th and >99th percentiles
in the RADAM inventory (all panels). Panels (¢) and (d) show the cumulative share of
volume and area, respectively, for logging permits of different status, highlighting that the
large share of total volume (48%) that is >99th percentile yield comes from a relatively
small area (14%).
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Fig. S4 RADAM yield distribution simulation according to the lowest value of each area
quartile (19, 66 and 370 ha) (a). Summary volumes in (a) refers only to valid (expired and
extended) permits. The black box contains the estimated 25th to 75th percentiles, with the
center line denoting the median (50th percentile). The end of the lines mark the Oth and
100th percentiles. Observations are based on simulation (n = 10,000). Relationship between
areas under 100ha and yield (n = 419) (b) and between 100>1000ha and yield (n = 438)
(c). The top ten largest yields were removed from all figures.
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Fig. S5 Location of logging permits with yield above the 99th percentile class (a). Volume
from overstated permits entering the supply chain summarized by municipality of origin (b).
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Fig. S6 Summary of total flows in the three different reporting systems: SINAFLOR
(national-level), SISFLORA (Pard state-level system) 1.0 (pre-2016) and 2.0 (post-2016).
Panels a, c, f, g show an overview of transacted timber products for all species, and panels
b, d, f, h for Handroanthus spp. (and Tabebuia spp. now Handroanthus, see methods) alone,
at distinct jurisdictional levels. No conversion has been applied at this stage.
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Fig. S7 Yield (a), volume (b) and area (c) distributions by status of logging permits. The
black box contains the 25th to 75th percentiles, with the center line denoting the median
(50th percentile). The end of the lines mark the Oth and 100th percentiles, and values beyond
these upper and lower bounds are considered outliers. Area distributions in (c¢) does not
display seven logging permits with areas above 10,000 ha, all under the ”National Jurisdiction
(AUTEX)” category and included in the overall analysis.



Supplementary Tables

Table 1 Products and respective conversion factors

Products (EN)

Products (PT)

Low; Mid; High

(VYC1%)
Primary breakdown: block, Processamento primério: bloco, 35; 44.5; 53.9
square of fillet, sawnwood quadrado ou filé, madeira ser-
(includes board, beam, small rada (incluindo tdbua, viga, vig-
beam, rafter, short rafter, plank, ota, caibro, caibro curto, pran-
wide plank, batten, short bat- cha, pranchdao desdobrado, sar-
ten, clapboard, short clapboard, rafo, sarrafo curto, ripa, ripa
crosstie) curta, dormente)
Planed 2 faces (S2S) Madeira aplainada 2 faces (s2s) 29.8; 37.8; 45.8
Planed 4 faces (S4S) Madeira aplainada 4 faces (s4s) 28.7; 36.5; 44.2
Decking, flooring Decking, pisos e assoalhos 28.7; 36.5; 44.2
Sliced veneer Lamina faqueada 452
Peeled veneer Lamina torneada 552

Source: Application of general norms CONAMA 474 2016[54] and CONAMA 497 2020[58]
and species-specific figures Romero et al.[57]

1Volumetric Yield Coefficient

2Sliced and peeled veneer remained the same given marginal share and lack of species-spe-
cific baseline figures

Supplementary Notes

SN1. Logging permit compilation

The lack of a comprehensive database of logging permits that detail the ori-
gins of forest products—despite recent efforts (https://www.gov.br/ibama/p
t-br/assuntos/biodiversidade/flora-e-madeira/paineis-analiticos-da-gesta
o-madeireira-1) and a longstanding mandate for environmental authorities to
make data available to public [59]—have precluded an assessment of the extent
to which invalid logging permits are used to substantiate credits in the along
the timber supply chain. To overcome this, we compiled a consolidated logging

permits dataset for the state of Para by combining different data sources made
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available publicly (via official government webpages) or through other publi-
cations. For permits issued to enterprises under national jurisdiction, details
are made available via the Brazilian Open Data Portal via the ”authorization”
(autorizacao) module of the DOF dataset https://dados.gov.br/dados/conju
ntos-dados/dof-autorizacoes-de-exploracao-florestal, including coordinates of
origin and authorized area, authorization type and status, species and volumes.

For permits issued under the state jurisdiction—accounting for the bulk of
production volumes in the state of Pard—this information is primarily made
available via PDFs listed under the search engine at the SIMLAM (Sistema
Integrado de Monitoramento e Licenciamento Ambiental) webpage of the Pard
Environmental Secretariat (SEMAS, https://monitoramento.semas.pa.gov
.br/simlam/index.htm). The webpage recently (March, 2023) underwent
a major update, with wepbage link now redirecting to the newly launched
”Transparency Portal” http://portaldatransparencia.semas.pa.gov.br/, where
logging permit information can now be found. A georeferenced polygons file
was also accessed via the former webpage, but it covered only 54% of ipé vol-
ume. In order to complement and validate the latter, we downloaded all PDF's
listed in the SIMLAM webpage (n = 2,259), matching those to permit num-
bers listed in the GF and DOF records. While 887 of these permits were used
to back up ipé flows, this revealed that a number of logging permits (n = 365)
were still missing. We manually entered the missing permits numbers into the
SIMLAM search engine, finding that these logging permits in most cases (n
= 328) could be located in case a specific number was searched, despite not
being displayed in the list of available logging permits.

This resulted in a dataset of 2,571 state-level and 193 federal-level logging-

permits, totalling of 2,764 unique permits with comprehensive data. From the
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transport side, 1,292 permits have been used by supply chain actors transport-
ing roundwood to report place of ipé origin: 1,215 of these were backed up by
logging permits issued at state-level, 47 at federal-level, while the remaining
30 could not be backed up (original permit data could not be downloaded or
found). We cross-checked our compiled logging permit database against the
data in Brancalion et al. [18], IBAMA (2019) [30], as well as original permits
listed on the DOF ”authorization” module for any additional information.
As highlighted in the Results, nearly all ipé production comes from
Sustainable Forest Management Plans (PMFS), most of which (92% of vol-
ume) have logging permits authorized at state-level and 7% originated from
enterprises licensed under national jurisdiction, mainly concessions and—to
a lesser extent—community-based forest management operations.The share
under national jurisdiction has been increasing over time, though, from only
2% of logging permits in 2009-2015, up to 25% of logging permits by 2019,
following the start of extraction from the National Forest concessions of Saraca-
Taquera (2013), Altamira (2016) and Caxiuana (2018) [60], and it can be
expected to increase with planned expansion of granted concessions [60]. It is
worth noting we found only a insignificant amount (j0.1%) comes from legal

deforestation (or as referred to across regulations, vegetation suppression).

SN2. Estimating ipé yields and baseline stocking rates

To calculate implicit (stated) ipé yields for the state-level permits (AUTEFSs),
the area used was as indicated by the effective area (Area Liquida, ha) of
the Annual Production Unit (Unidade de Produg¢io Annual, UPA). For the
national level permits (AUTEX) data, we used the only area field listed in the
DOF ”authorization” module. From the 1,292 permits listed as supplying ipé,

1,243 could be used to derive yield figures. The remaining 49 either had areas
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set to zero (16 permits from AUTEX, all under type supressio da vegetagao
or ”vegetation suppression”, the category for legal deforestation) or missing
areas altogether (in cases were permits could not be accessed or found). We
investigated outliers both in terms of areas and yields in order to detect any
error in data processing, but found all corresponded to reported data and
thus did not remove such values from the analysis. Fig. S7 provides a visual
summary of volumes, areas and yields included.

A few assumptions and limitations are relevant clarifying when reconciling
logging permits and transport records with RADAM data. On species inclu-
sion, we opted for all known and commercialized as ipé, making use of all
records that listed Handroanthus spp. or Tabebuia spp. at genus or species
level. The RADAM plots available provided information on two ipé species—
T. impetiginosa and T. serratifolia—reflecting the fact RADAM data was
collected in the early 70’s when the Handroanthus genus was just being pro-
posed and a number of other species of the Tabebuia spp. genus were yet to
be described[61]. Still, these two species make up 87% of all roundwood being
reported entering the supply chain for the period under analysis. An additional
8% has been reported at Tabebuia sp. genus-level only, with the remaining 5%
of volume traced to other 9 reported species. In 2019 (latest year of analysis)
ipé species share were 79% H. serratifolius, 21% H. impetiginosus, 0.5% T.
capitata, 0.3% H. incanus, 0.004% T. chrysantha (with no reporting at genus
level), which only occurred in this year at a marginal share for decking and
sawnwood categories. Indeed, it was only in 2007 after a major revision of the
Tabebuia sp. genus that Handroanthus serratifolius (Vahl) S. Grose, Handroan-
thus impetiginosus (Mart. ex DC.) Mattos, and other ipé species started to be
distinguished. As of 2008, Tabebuia have been generally not distinguished com-

mercially by species, with ipé species often being lumped together (including
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in field assessments) [31]. Thus, based on considerations of RADAM historical
data collection context, the species revisions since then, patterns of report-
ing where species were listed across time at genus level or reported broadly
as ipé as well as the broader aim of this study, we find appropriate to use all
species under the two genera, grouping which makes yield figures from reported
volumes entering the supply chain comparable to RADAM estimates.

On ipé distribution and abundance, Schulze et al.[31] aimed to tentatively
demarcate regions of relatively high, medium and low mean densities across
the Amazon and thus it raises the question on whether a more representative
figure for sub-regions within Pard would be preferable. Firstly, both number
and size of plots have been pointed as limiting factors for the representatives of
RADAM figures reported by Schulze and Brancalion, but they continue to be
seen as a key dataset for deriving estimates of populations distribution [50, 62].
While larger and more recent inventories may provide a more representative
distribution in state sub-regions, RADAM is still the sole Brazilian Amazon-
wide inventory with data collected prior to the expansion of the deforestation
and forest degradation frontier. Thus, even after data on the ongoing country-
wide inventory is made available for all Amazon states, RADAM will remain
an important source of information to derive population densities baselines at
a time of minimal development in the region.

Yet, it raises the question on its limitations for the elaboration of species
distributions at a more granular scale. The assumption areas of PMFS are
expected to display average yields of high-value species neglects the selection
bias of logging towards areas with high densities of such species. The very
occurrence of these is a key determinant on whether timber exploitation is
economically viable in the first place [22, 31] and thus it can be expected

yields in management areas to be above average. We have opted for the use
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of yield above the 99th percentile of the 19 ha-based distribution to convey
the constraints of such selection bias. Different approaches can be tested and
thresholds set to illustrate what differentiated risk figures would entail. Fig. S4
panel (a), for example, demonstrates the implications of constructing an yield
distribution with increasingly large areas: the likelihood these may exceed a
given 99th percentile threshold becomes increasingly small, with significantly
more risk being assigned to volumes originating from relatively larger areas in
the case a differentiated approach to risk would be undertaken. Likewise, Fig.
S4 panels (b) and (c) show the yield distribution according to smaller logging
permit area and highlight that—despite certain bias could be observed partic-
ularly in small areas—yield distribution show no clear trend, with relatively
low as well as relatively high yield occuring in the first three area quartiles.
Furthermore, disregarding risk in the first area quartile (removing risk from all
areas between 19-66ha), decreases the illegality risk from overstated risk from
48.1% of total valid permit volume to 44.5%, which contrasts with adding to
this baseline volumes > 0.7m3/ha for the largest quartile alone (73.2%).

It is also worth pointing out that access to location and other transporta-
tion infrastructure, access to processing hubs and markets, the legitimization
of forestland access and ownership, as well as actors’ operations in these
geographies are also factors that influence forest operations and may lead to
the exploitation of areas with sub-optimal (or average) species distributions.
Moreover, despite uncertainties of what then should constitute an non-biased
baseline species distribution, Brancalion et al. [18] points to the fact RADAM
estimates are conservative, given that these do not remove the 10% species
retention legally required in a PMFS (or applies the three individuals/100ha
retention). They also find subtle techniques for overestimating yields, such

as declaring DBH measurements larger than possible given stumps in the
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field. The figure also does not account for sub-merchantable individuals, which
according to inventory data used in Schulze et al[31] are anywhere between
12-37% of individuals "with an additional unknown fraction possessing cryptic
hollows” (p.2075). In the end, such observations point to a conservative figure
in what relates to the threshold used for determining yield overestimation,

being at the same time comparable and replicable across key species.

SN3. Rationale for flow inclusion

Production vector

For the SISFLORA-PA system, roundwood transported from forest of ori-
gin is registered under GF1, a category specifically used for this purpose
[63]. While the state-level system encompasses the majority of production
(Fig. S6), careful attention is warranted in accounting for flows that may be
displayed in SINAFLOR and not SISFLORA-PA, given flows from national
jurisdiction enterprises (e.g. concessions, certain community-based forest man-
agement) may be accounted for in the former, but not the latter. Additionally,
roundwood re-transport is also treated differently between the state- and
national-level systems and, hence, we looked to minimize any double-counting
arising from re-sale and subsequent re-transport, as well as from reporting
duplication between the national and state-level systems.

Starting with SISFLORA-PA, production volume overestimation com-
ing from re-transport was addressed by the removal of all roundwood flows
reported under GF3, GF3i and GF4, as these categories are only used for
roundwood in the case of re-sale and re-transport [63]. It is worth emphasiz-
ing such removals, because the remaining subset not only constitutes a better
approximation of true production figures, but also prevents the overestimation

of illegality risk from missing permits, since GF3, GF3i and GF4 categories do
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not list logging permits of origin (as should all GF1-level transactions). Within
the GF1-level subset, we removed flows where actors sent roundwood to them-
selves, given that such flows likely represent some form of re-transport (and as
such have no implication on the physical balance of the input-output analy-
sis). The latter removals accounted for about 11% (75,672 m3, 5,970 records)
in SISFLORA 1.0 and 6% (19,843 m3, 7,531 records) in SISFLORA 2.0.
Under SINAFLOR, no similar categorization of DOF types is available.
According to IBAMA [30], re-transport of roundwood can be broadly removed
by discarding flows which states ” pdtio” (yard) as the type of origin. Nonethe-
less, we found that only about 35% of all roundwood flows for ipé with origin
in Para state had a stated type of origin. This implies a different approach was
needed to avoid inflating production figures: We start by discarding all flows
with no reported logging permit (150,610 m?, 66% of SINAFLOR roundwood
flows), given the obligation on reporting location when roundwood first leaves
the forest of origin. From the remaining subset, we removed all flows that had
yard listed in their type of origin (2,444 m?3, 3%). Consistent with the approach
adopted at state-level, we also removed flows where origin was equal to desti-
nation (2,451 m?, 3%). Lastly, to avoid double-counting, we searched for any
flows where actor and municipality of origin summed to equal volume between
the two systems, but found no instances of this. Indeed, we found that the
bulk of removals (148,236 m?, 64% of total SINAFLOR roundwood flows) had
four key features in common: they (i) did not have a listed permit, (ii) had
actor of origin that equaled that of destination, (iii) had data on type of ori-
gin missing, and (iv) did not display coordinates of origin or destination. It is
likely the flows that share this lack of reporting altogether encompass duplica-
tion in reporting between systems and hence likely the reason why no further

duplicates were found.
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Bilateral transaction matrix

Regarding product selection, we aimed to include all major timber products
relevant for ipé. Nonetheless removals are worth clarifying. From the outset,
we exclude all categories that relate to Non-Timber Forest Products (e.g. fol-
liage, bark, etc.), as well as all categories that refer to biomass for energy
production (including firewood and charcoal) and residues of the processing
industry in general. Notably, we exclude ”finished products” from the analysis,
mainly since the broadness of the category makes the selection of a represen-
tative conversion factor a challenge (if possible altogether). Additionally, this
category is not widely used. IBAMA [30] shows it makes up 2.45% of the total
final consumption for all species produced in Brazil between 2012-2017, but
it does not make the top 10 products (97.55% of final consumption) for the
case of ipé. We also excluded "short logs” (toretes)—mostly reported under
GF2 in SISFLORA as a category for biomass, residues and other unprocessed
products and by-products removed from the forest in general—due to the ambi-
guity of whether this is processed into other timber products or rather used as
biomass/charcoal. Even if IBAMA [30] included this in their analysis, we find
that this category accounted for only about 0.2 % (SISFLORA PA 1.0 and
2.0) and 0.6% (SINAFLOR) of the roundwood volume (with no removal of
re-transport). Lastly, other products removed due to marginal flows over the
entire time period are: "roundwood of produced timber” used for commercial
plantations (42 m?), "posts” (47.2 st), and plywood (4.58 m?).

We also looked to minimize instances of double-counting between state
and national systems. Given SINAFLOR data appears to have CPF/CNPJ
of origin set equal to CPF/CNPJ of destination for instances of duplication
between systems, and that such records carry no practical implication on the

physical input-output balance, we discard all such flows upfront. However,
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as setting CPF/CNPJ of origin to that of destination is also a feature of all
export records in SISFLORA 1.0 and SINAFLOR, prior to removing these
instances we ensure export flows are not removed. We also ensure we do not
remove flows which are not exports, but known to be final consumption (i.e.,
in SISFLORA, when cadaster of destination is missing but CPF/CNPJ of
origin equal destination), though these are minimal for ipé. On deduplication
for the export share, given SINAFLOR is missing export data for Pard since
2016 and that these export figures are systematically reported below state-
level value (Fig. S6), we opt to use export figures coming from SISFLORA-
PA only, deemed appropriate given Pard’s focus in this study. Approximately
10% of bilateral transactions volume (362,605 m? or 8% 25,744 records before
conversion) are discarded from removing origin that equal destination. Approx.
38% (265,006 m3) are from SINAFLOR, while 3.5% for SISFLORA 1.0 and
2.6% for SISFLORA 2.0. We discarded a further 3k m? from SINAFLOR by
checking for equal actor-municipality sums between systems (Suppl. Text ST4
below for considerations on deduplication).

All flows were converted to roundwood equivalents, given that volumet-
ric conversion factors are used to regulate allowable conversion rates (as well
as form the basis for reporting by actors and monitoring by authorities)
as mentioned in Methods. Nonetheless, other equivalent conversions may be
considered. Carbon equivalents can be preferable to avoid double-counting
when several products with different properties (e.g. sawnwood, paper, parti-
cle board, biomass, charcoal) are being considered [53]. However, in the case
of ipé—aside from the broader use of RWE—decking, flooring and sawnwood
constitute an overwhelming part of total consumption, with residues for energy

making up only 0.5% of total final consumption [30].
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SN4. Combining timber origin control systems

Constructing a comprehensive and consistent dataset on timber transactions
for the state of Pard requires cleaning and harmonizing data from three differ-
ent datasets: the state-level (SISFLORA-PA) system prior to and after 2016
(versions 1.0 and 2.0, respectively), as well as the national-level (SINAFLOR)
system. The upgrade of the SISFLORA-PA system in 2016 primarily allowed
for the inclusion of more detailed stump and log tracing via RFID-based chip
and bar code system, but also other system refinements. This has resulted
in two slightly differing data structures, with the inclusion of new variables
(e.g. log bar code, type of destination) on the one hand, and suppression (e.g.
type of origin) on the other. Such differences are, however, minor when com-
paring to those between SISFLORA-PA and SINAFLOR, which includes not
only differences in data structure, but also implications related to the jurisdic-
tion where norms and procedures apply. Thus aside from data structure, the
overlapping policyscape translates into reporting duplication between systems
which has so far not been properly addressed by SINAFLOR.

In attempting to remove duplicate data entries (i.e., transport records that
have been reported in both the SINAFLOR and SISFLORA systems), we
found no optimal solution based on a set of unique identifiers drawn from the
data collected and made available to us. Aside from the lack of a unique global
key [64]—which could plausibly be expected from SINAFLOR given their insti-
tutional mandate of integration between systems—data on CPFs for actors
of origin and destination have been partially anonymized in the SINAFLOR
data, in line with recent national data protection law (LPGD) [65]. It is
worth clarifying these differ from CNPJ, which are made openly available (e.g.
for a data sample: https://dadosabertos.ibama.gov.br/dados/DOF /PA / trans-

porte/2021.html). While there are benefits to individual’s data protection

19



(which can be done with methods that provide individual anonymization while
still maintaining information of timber origin and commercialization), given
the remaining variables that are present in both datasets, the CPF is important
in supporting identification in the uniqueness of a given transaction through-
out the period of analysis. This is particularly true moving from intrastate-only
to national-level control: where there are needs for alignments of state-
level cadasters with environmental authorities (e.g. CEPROF, Cadastro de
Ezxploradores e Consumidores de Produtos Florestais or ”Cadaster of Forest
Products Exploiters and Consumers”) to those of national-level cadasters (e.g.
CTF, Cadastro Técnico Federal or "Federal Technical Cadaster”).

In this study, we used the partial anonymization implemented in the
SINAFLOR-level data (i.e. making available only the first three digits of
CPF and only the initial of of names associated with CPFs) in order to
establish actor’s uniqueness between SINAFLOR and SISFLORA-PA sys-
tems. First, while partially anonymized in SINAFLOR, details added to other
variables (e.g. yard of origin and destination) still in SINAFLOR could be
used to determine full CPF and individual identity (here a weakness of the
anonymization method currently used by SINAFLOR). Last, by combining
the first three digits of CPF and initials, actor uniqueness can still be vali-
dated with SISFLORA-PA data (as of March 2023—albeit incomplete—GF
data has been made available through the newly available Transparency Por-
tal from SIMLAM-SEMAS (http://portaldatransparencia.semas.pa.gov.br/),
including GF original PDF's files and CPF data) Moreover, while we make no
sensitive data available, individual’s cadaster (i.e. CPFs) are an important key
for deduplication given the lack of proper data harmonization from the part of

government authorities, and more specifically SINAFLOR given its mandate.
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Aside from the lack of global unique keys for removing duplicates between
systems, further challenges can be better illustrated when systematic group-
ing multiple variables. Firstly, only testing the amount of roundwood for ipé
(Handroanthus spp.) transported in 2019 (a year that broadly appears to have
higher level of equal reporting between systems and thus higher duplication
level, see Fig. S7b for example), SINAFLOR reports a total of 138,455 m? of
which 79% state an origin that is equal to destination. When looking at the
same parameters for SISFLORA-PA, volume totals 114,671 m? (a lower value
can be expected, as SINAFLOR may encompass reporting for licensed enter-
prises at both state- and national-level), but with only 7% of actor of origin
being the same as destination. Such large differences in reporting key informa-
tion as origin and destination suggests intrinsic differences between datasets.
Indeed, most SINAFLOR records for this year displayed four key features in
common: they (i) did not have a listed permit (needed for transport from for-
est of origin), (ii) had actor of origin that equaled that of destination, (iii)
had data on type of origin missing, and (iv) did not display coordinates of
origin or destination. Thus, it is likely the flows that displayed this shared
lack of reporting are the duplicates from state-level system. Given flows with
origin that equal destination have no implication on the physical balance of
the input-output analysis (see Methods section as well), we removed these,
which by default minimize the potential double-counting. After the removal
of records which displayed common features of duplicates (i.e. systematic lack
of many data fields in SINAFLOR) we ensured no clear duplicates between
systems remained. We summed up volumes per actor, municipality, product,
specie and year and removed from SINAFLOR all instances where the sums

were equal between the two systems.
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SN5. Software

All analyses pertaining to this study have been performed in R [66] and, to
a lesser extent, Python and used several open source libraries. Notably scrap-
ing tools for the SEMAS-SIMLAM webpage as well as PDFs were built with
Python (last replicated in Python 3.10 and 3.11 respectively). Administrative
boundaries were obtained via API from geobr [67] R library. All steps that
pertain to data cleaning, integration, manipulation and analyses as well as
output visualization and mapping were performed in R (last replicated in R
4.3.1). Data cleaning, wrangling and analyses used particularly the tidyverse
[68], janitor [69], sf [70], base R, but also tmap [71], expm [72], ggpmisc [73],
reshape2 [74]. Graphs displayed throughout the manuscripts were based partic-
ularly on ggplot2 [75], scatterpie [76] and ggalluvial [77], but also on patchwork
[78], scales [79], paletteer [80] and scico [81] libraries. Other libraries used are
referenced throughout the code made available for reproduction of this study

available at https://github.com/carolsrto/illegality-risk-ns.
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