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Illegal wildlife trade is a major driver of biodiversity loss but the lack of understanding
of mechanisms sustaining criminal networks hampers law enforcement. We integrated
three decades of confiscation data, criminological modeling, and spatial network analysis
to dissect the illegal parrot trade in Mexico, a global hotspot of parrot diversity and
endemism. Our interdisciplinary approach revealed that the wildlife trade is the leading
threat, elevating their extinction risk. Trade is shifting from poverty-driven to population
density-linked patterns. Circuit theory-based landscape modeling identified critical trade
routes from biodiverse habitats to urban centers, providing actionable targets for law
enforcement. Our study demonstrates the effectiveness of combining criminological
methods with landscape science to identify specific trafficking routes, a transferable
framework for generating actionable intelligence. Crucially, because illicit wildlife net-
works frequently converge with broader organized crime, this spatial framework provides
a powerful proxy for exposing the shared logistical corridors of global illicit markets.

wildlife trafficking | circuit theory | conservation criminology | socioeconomic drivers | parrot trade

[llegal wildlife trade comprises global, multibillion-dollar criminal enterprises that threaten
biodiversity and elevate the risk of zoonotic disease transfer and emergence (1-3). Despite
its scale and impact, efforts to combat trafficking are usually reactive. Criminal networks
are complex, adaptive, and largely invisible, making them notoriously difficult to map,
track, and disrupt (4). A new approach is needed to move from enforcement-based, isolated
seizures to a predictive understanding of network structure and vulnerability.

Parrots (Psittaciformes) are among the world’s most heavily traded taxa, and Mexico
is a global hotspot for their diversity and a focal point of their trafficking (5, 6). The
Mexican parrot trade provides an excellent natural experiment to study trafficking dynam-
ics. Over the past three decades, the network has been subjected to a series of major
shocks: the cessation of legal exports to the United States in 1992 (7) and the EU in
2007, a complete national ban on capture and trade in 2008 (8), and the global disruption
caused by the COVID-19 pandemic in 2020, which imposed severe restrictions on
human mobility and shifted law enforcement priorities away from environmental pro-
tection (9). This sequence of distinct periods offers an exceptional opportunity to dissect
how a complex trafficking network adapts to shifting pressures and enforcement regimes.

Here, by integrating three decades of confiscation data (from 1997 to 2024; SI Appendix,
Table S1) with criminological theory and landscape-based circuit modeling, we identify
the evolution of this network. By applying these frameworks longitudinally rather than
as a static snapshot, we reveal a fundamental shift in the trade’s socioeconomic drivers
over time. By mapping the flow of trafficked birds, we pinpoint the critical corridors that
form the network’s backbone. Our analysis provides a transferable framework for gener-
ating actionable intelligence, offering authorities tools for proactively identifying the
dynamics of criminal enterprises that threaten wildlife.

Trapping for the Wildlife Trade Elevates Extinction Risk

Half of Mexico’s native parrot species are directly threatened by trapping for the illegal
wildlife trade (SI Appendix, Table S2), a pressure that is elevating their risk of extinction.
The overall conservation status for the country’s parrots has deteriorated over the past
three decades, with our analysis of [UCN Red List data and the Red List Index (RLI)
showing a consistent deterioration across species with none showing improvement since
1993 (Fig. 14). While the Mexican RLI for all bird species is above 0.9, Mexican parrots
are tracking below 0.7 underscoring an already severe state of endangerment for this group.
The apparent stabilization of the index in recent years likely reflects the broad nature of

PNAS 2026 Vol.123 No.36 2609240123

Significance

Criminal networks driving the
multibillion-dollar illegal wildlife
trade are notoriously difficult to
map, forcing law enforcement
into a reactive posture. We
address this by pioneering an
interdisciplinary framework,
repurposing circuit theory from
landscape ecology to make these
hidden networks visible. Applying
our model to three decades of
data from Mexico's parrot trade,
we reveal the trade’s “hidden
highways” and show how the
network’s drivers have
fundamentally evolved from rural
poverty to urban demand. This
predictive approach provides

a transferable roadmap for
authorities to proactively
dismantle not only wildlife
trafficking but other illicit supply
chains, offering a data-driven
tool to protect global biodiversity
and enhance security.

Author contributions: G.O. and R.H. designed research;
G.O. and R.L.-P. performed research; G.O., AJ.B., and
G.P.A. contributed new analytic tools; G.O. and AJ.B.
analyzed data; and G.O., R.L.-P., AJ.B., G.P.A,, and R.H.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2026 the Author(s). Published by PNAS. This
open access article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0 (CC
BY-NC-ND).

PNAS policy is to publish maps as provided by the authors.

"To whom correspondence may be addressed. Email:
george.olah@anu.edu.au.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2609240123/-/DCSupplemental.

Published August 24, 2026.

https://doi.org/10.1073/pnas.2609240123 1 of 9


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:george.olah@anu.edu.au
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2609240123/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2609240123/-/DCSupplemental
https://orcid.org/0000-0002-7935-8843
https://orcid.org/0000-0003-1273-7184
https://orcid.org/0000-0001-7893-6421
https://orcid.org/0000-0002-2514-9448
http://www.pnas.org/lookup/doi/10.1073/pnas.2609240123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609240123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609240123#supplementary-materials
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2609240123&domain=pdf&date_stamp=2026-8-20

Downloaded from https://www.pnas.org by George Olah on August 25, 2026 from IP address 188.36.222.132.

20f9

C

Enjoyable
@ __ 1500 )
2 .
& j7
Near ~ .
Threatened S o e
1994 < 1000
5 sovei,
e
Endangered g
©
2004 £ s00
s
>
®
o
o
Z o At -
5]
€ i
Vulnerable 2
2000 0
1 2 3 4 5
Critically Enjoyable values
Endangered
0.699 2008 Disposable
5000
@ § !
35069 3 s
g g 4000
§ g
£ 0693 — Parrot spp. native to Mexico 2
% £
2 § 3000
© ©
3
& 0690 3
=, 2000
=
0.687 = g
I P N I I P S R S N R T T T T TG I SN W SRS 5
SEEESSESS @Q’P@c S S S S s s s S s S S g 1000
Year £
=3
z
0
— lllegal domestic (native) — lllegal domestic (non-native) — Legal export (native) — Legal export (non-native) Abundance
&
& 7
1500 S 300 ;
N 5
©w I %4
© - ’
3 P .
= g
2 1000 200
5 3
5 \/ g
0 =
€ >
2 500 S
s / 2100
° /\/ k)
\/ 3 /\ 4 é
of P A — 2
0
A RO RL O H PRS0 A LD >0 .90 .90 N oD o> P
S PP FFTEEOPEO R Q200 XD VPP 06400 26405 40405 60405
N S S S S S S S S Sl S S S N I A N S S Relative abundance in Mexico

Year

Fig. 1. The escalating crisis and shifting drivers of the Mexican parrot trade. (A) Deteriorating conservation status of Mexican parrots, shown by the Red List Index
(RLI) from 1993 to 2024. A value of 1 indicates all species are Least Concern and 0 indicates Extinct. The shaded area represents the 95% Cl. Insets show the species
(Eupsittula canicularis on Left and Amazona auropalliata on Right) whose IUCN Red List status deteriorated (i.e. increased in extinction risk) during this period, driving
the decline seen in the RLI. The stable plateau in recent years likely reflects the broad nature of the Red List categories, which renders the RLI relatively insensitive
to minor changes in population or distribution parameters, as well as the periodicity of formal IUCN assessments and the inherent time lag in detecting wild
population declines, rather than a true demographic stabilization. lllustrations [by Angels Jutglar and Norman Arlott] courtesy of Cornell Lab of Ornithology, from
Birds of the World (https://doi.org/10.2173/bow). (B) Trends in trade volume, showing the total number of individuals traded annually from 1997 to 2024. The illegal
trade is based on domestic confiscation data, while the legal trade on CITES export data. Native and nonnative species to Mexico are plotted separately. (C) Drivers
of species selection. Predicted effects from the best-fit CRAAVED models show that trade volume is significantly driven by how “enjoyable” (aesthetic appeal) and
“disposable” (export potential) a species is (2009-2019), and by its local “abundance” (2020-2024). Solid lines are predicted values; dashed lines are 95% Cl.

the Red List categories which renders the RLI relatively insensitive
to minor changes in population or distribution parameters, as well
as the well-documented time lag between genuine population
deteriorations occurring on the ground (i.e., increases in extinction
risk), their detection in field data, and subsequent formal [UCN
reassessments (10). While habitat loss from agricultural expansion
(affecting 45% of species) and logging (35%) are significant

https://doi.org/10.1073/pnas.2609240123

pressures, our analysis of [UCN threat classifications shows that
illegal trapping is the most prevalent (50%) and highest-impact
threat driving this decline (8 Appendix, Fig. S1).

Crucially, these threats do not act in isolation. Our network anal-
ysis reveals that trapping, agriculture, and logging form a tightly
clustered overlap of threats, meaning they frequently co-occur and
create synergistic pressures on the same species (S Appendix, Fig. S2).
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The edges of deforested areas, for example, enable easier access for
poaching activities that often coexist with logging (11). This shows
that parrot conservation needs a focus that addresses both habitat
loss (12) together with an understanding of the drivers of ille-
gal trade.

Dynamics of a Vast and Selective Trade Network

Analysis of over 6,000 confiscation records (1997-2024) reveals a
vast illegal trade that has affected every native parrot species in Mexico
(S Appendix, Table S1). To understand its development, we examined

the trade across three periods defined by the major policy shifts out-
lined above: bans on imports to USA and EU, 1997-2008; national
ban on capture and trade, 2009—-2019; and global disruption caused
by COVID-19, 2020-2024. While confiscation volumes peaked in
2011 (1,668 individuals over all native species) and have declined
since 2019 (Fig. 1B), the underlying trade has remained dynamic,
with its geographic hotspots shifting over time from southern and
coastal states toward a greater concentration in and around major
urban centers (Fig. 2 and SI Appendix, Table S3).

Importantly, poachers consistently targeted a core group of
large, charismatic, and high-value species, particularly macaws

Confiscated parrots

[8-17
[1171-335

| 1335-498
|| 498-662
662-825
825-988
988 - 1152
152-1315
1315-1479
1479 -1642

Confiscated parrots

[]10-291
7] 291-572
572-853
853-1134
1134 -1415
1415 - 1695
1695 - 1976
1976 - 2257
2257 - 2538
2538 - 2819

Confiscated parrots

[lo-36

| 136-73
73-109
109 -145
145 - 182
182-218
218 - 254
254 -290

290 - 327

327-363

Federal District

Morelos

Bolborhynchus lineola
Ara macao

Amazona viridigenalis
Rhynchopsitta pachyrhyncha
Amazona auropalliata
Brotogeris jugularis
Eupsittula canicularis
Rhynchopsitta terrisi
Psittacara holochlorus
Amazona finschi
Amazona oralrix

Ara militaris
Amazona guatemalae
Amazona autumnalis
Amazona albifrons
Forpus cyanopygius
Amazona xantholora
Pionus senilis
Eupsittula astec
Pyrilia haematotis

Ara macao

Amazona auropalliata
Amazona viridigenalis
Bolborhynchus lineola
Amazona oralrix
Eupsittula canicularis
Amazona finschi

Ara militaris
Rhynchopsitta pachyrhyncha
Psittacara holochlorus
Amazona guatemalae
Amazona autumnalis
Forpus cyanopygius
Rhynchopsitta terrisi
Brotogeris jugularis
Pyrilia haematotis
Amazona albifrons
Pionus senilis
Amazona xantholora
Eupsittula astec

Selectivity index (W)
0 20 40 60

o
o
o
o
o}

sfagg-fac-=o

C

o
o}
o
o
o
o}
X
.
.
.
.
.
.

_Huu-.H

.
50% 40% 30% 20% 10% 0% 10% 20% 30% 40% 50%
% in the wild (left) and the illegal trade (right)

Selectivity index (W)

....XXXXO

50% 40% 30% 20% 10% 0% 10% 20% 30% 40% 50%
% in the wild (left) and the illegal trade (right)

Selectivity index (W)

0 20
Ara macao = o
Amazona auropalliata [ ] o
Amazona viridigenalis o o
Amazona oralrix o =
Ara militaris o =
Amazona finschi o =
Rhynchopsitta terrisi X 1
Amazona guatemalae o =
Brotogeris jugularis X 0
Amazona autumnalis o C I )
Rhynchopsitta pachyrhyncha X 1
Eupsittula canicularis X C——
Amazona albifrons e [ I )
Eupsittula astec ~ ® ———
Psittacara holochlorus % a
Pionus senilis ~ ® —mn
Amazona xantholora e =
Bolborhynchus lineola % 1
Pyrilia haematotis % 1
Forpus cyanopygius % 0

40% 30% 20% 10% 0% 10% 20% 30% 40%
% In the wild (left) and the illegal trade (right)

Fig. 2. Spatiotemporal patterns of parrot confiscations and trade selectivity. Maps show the total number of confiscated parrots by Mexican state for the
periods 1997-2008 (A), 2009-2019 (B), and 2020-2024 (C). For each period, the corresponding charts on the right show species selectivity. Within the charts,
white bars represent relative abundance in the wild, and dark gray bars show the proportion found in the illegal trade. Symbols indicate the Savage selectivity
index (W) result: significant positive selection (empty circle), nonsignificant selection (cross), and significant negative selection (black circle). Species are listed

in descending order of their selectivity index.
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(Ara spp.) and Amazon parrots (Amazona spp.), at rates considered
unsustainable compared to their natural abundance across all three
periods (Fig. 2). While this core demand for iconic species has
been also observed in other countries (13) and remained stable in
Mexico, selection for smaller or less-colorful species fluctuated
(Fig. 2), suggesting a two-tiered trade structure with both consist-
ent and opportunistic components.

A key pattern emerged from these data. For many commonly
traded species, confiscations occurred hundreds of kilometers from
their native habitats, frequently in major cities like Mexico City
(Fig. 2). This persistent geographic disconnect between source and
seizure is indicative of an organized, long-distance trafficking net-
work. These dynamics, the shifting hotspots, the stable high-value
core, and the long-distance transport, necessitate a specific approach
to identify the drivers and hidden routes that sustain the trade.

The Trade’s Evolution from Poverty-driven to
Urban Demand

The drivers of Mexico’s illegal parrot trade have fundamentally
shifted over the past three decades, evolving from a trade of oppor-
tunity rooted in rural poverty to demand centered on urban pop-
ulation density. To uncover these drivers, we analyzed the trade
across three time periods using two parallel approaches: socioec-
onomic models to link the trade to state-level indicators, and
criminological modeling to distinguish between opportunity and
demand-driven trafficking (Materials and Methods).

Current values
22,046

Current values

Our analysis reveals a clear change in the factors driving the
trade. In the pre-ban era (1997-2008), trade was significantly
correlated with state-level poverty indicators (SI Appendix,
Table S4). The selection of species was only weakly linked to their
availability on the legal export market (“disposable”; S/ Appendix,
Table S5A), suggesting a trade largely driven by local, opportun-
istic poaching for supplemental income (14, 15).

After the 2008 national ban, the network’s drivers transformed.
The trade remained linked to poverty but also became strongly
associated with human population size (S Appendix, Table S4).
Concurrently, species selection became powerfully driven by
demand: traffickers targeted species that are more attractive and
desirable as pets (“enjoyable”; Fig. 1Cand SI Appendix, Table S5B),
and easier to export (“disposable”; Fig. 1C). While the visual trend
is moderate for “enjoyable” (Fig. 1C) due to the high variance
inherent in seizure data, the model confirms a consistent positive
relationship (S7 Appendix, Table S5B). This indicates a shift toward
a more organized trade catering to specific consumer preferences
in growing urban areas. This finding is congruent with Tella and
Hiraldo (16), who found that attractiveness was an important
factor in the legal trade of parrots in Mexico. Similar results have
also been found in the illegal parrot trade in Indonesia (17).

By the most recent period (2020-2024), the socioeconomic link
to poverty had vanished and been replaced by human population
size as the sole significant driver, cementing the role of urban centers
as the nexus of demand (87 Appendix, Table S4). Correspondingly,

the motivation for species selection shifted again. Instead of
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Fig. 3. Predicted corridors of the illegal parrot trafficking network in Mexico. (A) Cumulative predicted current map from the circuit theory analysis, highlighting
the roads most likely used for illegal parrot trade. Hotspots are shown for central (B), western (C), and southeastern (D) Mexico, with warmer colors indicating
higher predicted trafficking flow. Note that the current values for B-D are shown in the legend of C. Maps were created using QGIS v3.3 with ESRI Satellite

(ArcGIS/World_Imagery) as basemap.
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targeting species for their specific desirability (“enjoyable”), the trade
became driven primarily by “abundance” (Fig. 1Cand SI Appendix,
Table S5B), suggesting a new, opportunistic strategy emerging to
supply the large urban market with the most readily available species.

Mapping the Corridors of the Trafficking
Network

The fundamental shift from a poverty-driven, opportunistic trade
to one catering to urban demand with a new sourcing strategy
implies a reorganization of the trafficking network itself. To visu-
alize this network and identify the critical corridors connecting
supply to demand, we applied spatial circuit theory.

Building on our understanding of the trade’s evolving drivers,
we mapped the physical pathways of the trafficking network. We
adapted circuit theory, a tool used to model ecological connectivity
(18, 19), to map illicit trade routes. We modeled the entire country
as an electrical grid where parrots “flowed” from their source hab-
itats to the urban areas where they are seized by authorities. By
treating the road network as the conductive wire, the model cal-
culates the “current” to reveal the flow intensity of trafficking
across Mexico (Materials and Methods).

The analysis produced a nationwide map of the trade’s hidden
highways (Fig. 34). Rather than being diffuse, the model revealed
that trafficking is concentrated along specific, high-current corri-
dors. The highest concentration of trafficking flow occurs in

Ara militaris
rel. abd.

B 26

southeastern Mexico, comprising a network of critical routes in
the areas east of the Isthmus of Tehuantepec and across the Yucatan
Peninsula (Fig. 3D). Key roads leading to or through the cities of
Villahermosa, Tuxtla Gutiérrez, Mérida, and Campeche showed
the most intense activities. Other significant corridors were iden-
tified in southern Mexico converging on Oaxaca de Judrez (Fig. 3B)
and along the Pacific slopes of western Mexico (Fig. 3C).

This map provides strategic insights useful in the fight against
wildlife crime. Although Fig. 3 presents a static overview, we have
translated these results into a secure, interactive online tool, accessible
to verified law enforcement officials via a restricted portal (hteps://
www.stopparrottrade.org) (20). It allows officials to zoom into their
specific jurisdictions, inspect high-risk routes in detail, and filter the
map by individual species (see Fig. 4 as an example for the case of
the Military Macaw) to focus monitoring and interdiction efforts.
This interactive system delivers the actionable intelligence proposed
by our framework, creating a truly dynamic and intelligence-led
platform for proactive enforcement. While the model’s precision is
naturally limited by the resolution of available seizure data, it pro-
vides a comprehensive data-driven roadmap of an entire country’s
illegal trade network for a broad taxonomic group. Furthermore,
even though our application focused on road networks—the primary
conduit for the domestic parrot trade (13)—the framework is flex-
ible: by modifying the landscape resistance surface, future applica-
tions can easily incorporate multimodal transport routes, such as
maritime shipping lanes or clandestine flight corridors.

Hermosillo

Guadalajara’ ==

Fig. 4. Trade model for a single species, the Military Macaw (Ara militaris). (A) Relative abundance (rel. abd.) map of the Military Macaw in Mexico. (B-D)
Predicted trade routes (current maps) from its natural range to confiscation locations, showing an overview of northwestern (B) and western Mexico (C), with
a detailed view of the high-current area around Jalisco state (D). Maps were created using QGIS v3.3 with ESRI Satellite (ArcGIS/World_Imagery) as basemap.
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Conclusions

By integrating criminological theory with landscape-scale network
modeling, we have made a complex and illicit trade network visible
and predictable. This can help move law enforcement efforts against
wildlife crime from a reactive posture, dependent on isolated seizures,
to a proactive one capable of identifying and anticipating the dynam-
ics of these criminal enterprises, allowing interventions where they
may be most effective. Our finding that the trade’s drivers evolve,
from poverty-based opportunism to urban-centered demand, pro-
vides a robust framework for designing conservation policies that
can adapt to changing socioeconomic landscapes (21).

The implications of this interdisciplinary approach extend far
beyond parrot conservation in Mexico. The “source-to-sink” circuit
theory framework is a transferable paradigm that can be adapted to
map other complex illicit networks, such as the trafficking of timber
(22), marine life (23), or even drugs and weapons (24). Crucially,
these illicit markets do not operate in isolation. There is a high
degree of convergence between wildlife trafficking and broader
organized crime (25). For example, drug cartels in Mexico regularly
run illegal logging operations, sharing transport logistics and laun-
dering illicit timber alongside narcotics (26). Similarly, transnational
drug syndicates are increasingly comingling profits and utilizing
shared smuggling infrastructure to traffic high-value wildlife (25).
Because multifaceted crime groups exploit the same established paid
corridors for combined contraband (25), mapping the domestic
routes of a high-volume wildlife commodity like parrots provides
a powerful proxy for exposing the hidden logistical architecture of
more heavily guarded illicit supply chains.

In monitoring the wildlife trade, a key future direction is to
enhance the precision of these models by establishing DNA ref-
erence databases for the most traded species (27). Currently, there
is no standardized database available for parrots, and the lack of
validated DNA reference sequences is hindering our ability to
accurately assign provenance of confiscated birds over a large-scale
(27). Establishing DNA reference databases for the most traded
parrot species would be essential for forensic caseworks and to aid
rewilding projects. The power of fusing landscape resistance mod-
eling with genomic data has recently been demonstrated in recon-
structing complex, live parrot trade networks operated by
pre-Hispanic cultures across the Andes (28). Applying this inte-
grated approach to modern law enforcement with forensic genetics
would allow not only for the tracking of routes but also for the
strengthening of legal cases and the targeted reinforcement of
source populations (29). By revealing the hidden architecture of
these enterprises, such data-driven approaches provide a new arse-
nal of tools to protect global biodiversity and enhance security.

Materials and Methods

Background of Parrot Trade in Mexico. The parrot trade in Mexico has a deep
and long cultural history. Many Neotropical parrot species are known to have
been popular in pre-Columbian cultures across South America (28, 30) to the
North American Southwest (31) and traded up to 2,000 years ago (32). In the
present, the confusion and complexity of changing laws (sometimes banning,
sometimes permitting domestic trade) have contributed to ongoing illegal trade,
in part because of the persistence of traditional practices and differing perceptions
of legality (33).

Mexico has 20 native parrot species (S/ Appendix, Table S1)-or 22 species fol-
lowing Avilist v2025 (Dataset Construction)-that are mainly distributed along the
Pacific coast north to the Sierra Madre Occidental, the coast of the Mexican Bay north
to the Sierra Madre Oriental, and the Yucatan Peninsula. Some alien populations
of native species were introduced by humans to the Valley of Mexico. Many of the
native species are Amazon parrots (eight Amazona spp.) butalso include two species
of macaws (Ara spp.), three species of the previously recognized genus Aratinga

https://doi.org/10.1073/pnas.2609240123

(two Eupsittula spp. and one Psittacara sp.), two Rhynchopsitta spp. specialized in
montane pine forests, and five other species of parrots, parakeets, and parrotlets
(of the genera Bolborhynchus, Brotogeris, Forpus, Pionus, and Pyrilia).

In the 1970s and 1980s, many thousands of parrots were exported interna-
tionally, mainly to the United States until that country’simportation of wild birds
was halted by the Wild Bird Conservation Act (7). However, Mexico's parrot trade
continued with tens of thousands of parrots captured and traded domestically
with many still exported (14). The Federal Attorney for Environmental Protection
(PROFEPA hereafter) was established in 1992, which has kept records of confis-
cations regularly since 1997. Export of parrots was further reduced when the
European Union implemented an import ban on live birds in 2005 to prevent
the spread of avian influenza (H5N1), which was made permanent in 2007. In
October 2008, Mexico enacted a prohibition on the capture, trade, export, import,
and captive breeding of parrot species native to the country (8). In 2020, a global
pandemic was declared due to COVID-19, which halted many domestic opera-
tions in Mexico, including the activities of PROFEPA to prevent and monitor the
wildlife trade.

RLI and Threats. The RLIis an indicator that shows trends in extinction risk for
groups of species over time and is now widely used by governments to track
their progress toward targets for reducing biodiversity loss (34). It is calculated
using IUCN Red List data and changes between categories driven by genuine
changes to extinction risk, and excludes changes caused by improved knowledge
or revisions to taxonomy. The number of species in each IUCN Red List category
in each yearis multiplied by "equal step” scores (Least Concern, Near Threatened,
Vulnerable, Endangered, Critically Endangered, and Extinctare scored from 0to 5,
respectively) and expressed as a fraction of the maximum sum (where all species
have gone extinct) (35, 36). To calculate a national RLI for Mexican parrots, we
followed Rodrigues et al. (37) and disaggregated the global RLI (1994-2024)
and weighted each parrot species by the proportion of its range in Mexico (i.e.,
we calculated Mexico's contribution to global parrot extinction). C1 (95%) for both
values were derived following Butchart et al. (38).

We used a dataset from BirdLife International containing threat information
for birds, where threats are classified according to the IUCN Threats Classification
Scheme 3.3. Level 1 threats include broad categories (e.g., "Agriculture &aquacul-
ture"), while Level 2 refines these into more specific subcategories (e.g., "“Annual
& perennial non-timber crops” or “Livestock farming & ranching”). The impact
scores were calculated by BirdLife International from timing, scope, and severity
for each threat by species where relevant. We used the second-level threats and
their scores indicating low (scores 3 to 5), medium (6 to 7), and high impact (8
to 9).To assess the prevalence of these threats, we calculated the percentage of
parrot species native to Mexico affected by each threat category. We constructed
a heatmap using the “ggplot2” package of R (39) to compare threat categories
across species, with threat intensity based on the average impact score per species.
To explore interactions between co-occurring threats, we conducted a network
analysis where edges represented shared threats among species. We visualized
the network using the "ggraph” package of R (40).

Dataset Construction. To investigate the illegal aspect of the parrot trade, we
requested access to the dataset on confiscated parrots in Mexico from PROFEPA
via the National Institute for Transparency, Access to Information and Protection
of Personal Data (INAI; access #PFPA/1.3/12C.6/2663/2024) since 1997 until
2024 (41).To study the legal aspect of the trade, we consulted the CITES trade
database (https://trade.cites.org). We extracted the number of live parrot spec-
imens of any Psittaciformes exported from Mexico to any countries between
1997 and 2024.

To better understand trends over time, we divided the confiscation data into
three periods of (A) 1997-2008, (B) 2009-2019, and (C) 2020-2024. Most of
the time-sensitive variables, including “concealable”, "accessible”, "valuable", and
"disposable’, were also calculated separately for each of these time periods (see
details below).

We followed the taxonomy of HBW and BirdLife Taxonomic Checklistv10 (42)
inallacquired datasets for comparability. Thus, we treat Pacific Parakeet Psittacara
[holochlorus] strenuus and Socorro Parakeet Psittacara [holochlorus] brevipes as
subspecies of Green Parakeet Psittacara holochlorus. We acknowledge that AviList
v2025 (43) treats these two taxa as species but separating them in our study
would have been problematic for the retrospective nature of ouranalysis and the
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lack of their Red List conservation status. The Monk Parakeet Myiopsitta monachus
is introduced to Mexico and was excluded from analysis.

CRAAVED Models with Phylogenetic Control. The criminological model

"o

CRAAVED (standing for "concealable”, “removable’, “accessible”, and “abundant”
as opportunity-based factors, and "valuable", "enjoyable”, and "disposable” as
demand-side components) was developed to study the theft variation and drivers
behind the wildlife trade (15, 44). This was applied to the parrot trade in Mexico
firstas a case study, and based on poaching estimates through interviews up until
2005, it found that widely abundant, easily poached species were the main target
of the trade (15). Based on the same data, another study showed a selective cap-
ture of more attractive and valuable species (16). Since these studies, confiscation
data on parrots have been systematically collected at the state level in Mexico,
providing an opportunity to conduct more in-depth analyses and reveal trends
over the past three decades.

Forthe CRAAVED models, we constructed a dataset of 20 parrot species native
to Mexico. For each species, we assigned the seven CRAAVED components (15,
45), and calculated variance inflation factor (VIF) values for all explanatory vari-
ables with the “car” package in R (46), which measures multicollinearity among
predictors, where higher values indicate stronger collinearity. All variables had
VIF values < 5.

To determine if a species is “concealable”, i.e., legal trapping is not possible
and the species is harder to conceal from law enforcement, we used the version of
the Mexican Official Standard NOM-059-SEMARNAT-2010 (which addresses the
conservation status of native flora and fauna in Mexico) that was in force during
the corresponding time period of A (47), B (47), and C (48). From the national
red list, we recoded the categories ordinally as “1" for none protected status, "2"
for "subject to special protection” (Pr), "3" for "threatened” (A), and "4" for “in
danger of extinction” (P).

We inferred how "removable” each species is from the wild, by collecting
information on their nest locations from published reference sources (49, 50).
We categorized each species as "1" for reasonably easy (hollows in palm trees,
where ladders might be used to access the nest), 2" for medium (cavities in
hardwood trees and their branches, where rope access knowledge is required),
or "3" for difficult (hollows in dead trees, arboreal termite mounds, or cliff walls,
where access can be very challenging and/or dangerous).

We evaluated how "accessible” parrot species are to humans by overlapping
species range distributions with human population density data. We extracted
range distribution polygons for the 20 focus species (51), excluding polygons
where the species is categorized as extinct but including all other instances (extant
and possibly extant, native, and introduced origin). We acquired spatial distribu-
tion of human population density for Mexico in 2000 for time period A, 2010 for
B, and 2020 for C as raster format with approximately 1-km-resolution (52). We
overlapped each species distribution polygon with the human population raster
data and calculated the total number of people living within each species' range
by zonal statistics in QGIS 3.34 (https://www.qgis.org).

To estimate the "abundance” of each parrot species in Mexico, we first down-
loaded raster layers containing the year-round mean relative abundance data for
each study species from eBird (https://science.ebird.org). We utilized the eBird
Status data because they employ a machine leaming modeling framework that
can control for observer bias and generate estimates in unsampled sites (53). By
using these methods to model the relationship between abundance and envi-
ronmental covariates, robust abundance estimation is possible even in regions
where direct observer coverage is limited. Relative abundance is defined as the
estimated average count of individuals detected by an eBirder during a 1-h, 2-km
traveling checklist at the optimal time of day for each species. Since eBird maps
represent relative abundance per pixel, not total bird counts, we summed them
for relative comparisons across states and the total area of Mexico, acknowledging
that they do not represent true population sizes. Relative abundance data were
notavailable for Rhynchopsitta pachyrhyncha, so we used data from Rhynchopsitta
terrisi which has similar abundance.

We used the [UCN RedList categorization as a proxy whereby more threatened
species are more "valuable” (16, 17, 54). We used values from 2006, 2019, and
2024 (55)for the time periods A, B, and C, respectively. We followed other studies
by converting the categories into ordinal values ("1" = Least Concern, "2" = Near
Threatened, "3" = Vulnerable, "4" = Endangered, "5" = Critically Endangered)
(5,56,57).

PNAS 2026 Vol.123 No.36 2609240123

We measured if a species is "enjoyable”, i.e., attractive as a pet to potential
customers, as a sum of the following four factors: color richness, color brightness,
ability to mimic human speech, and size. We used data of a previously published
study (58) that measured the percentage of body covered by different, human-
visible colors for almost all bird species. For color richness, we first counted the
number of 18 color categories (S/ Appendix, Fig. S3) that in average between
males and females covered at least 1% of their body, then assigned the value of
"2"if more than the group's average number of colors were recorded, and "1" if
otherwise. For color brightness, we first summed the percentage of body covered
by brightly colored feathers (blue, purple, red, saturated green, and saturated
yellow), and then assigned "1" if more than the group’s average percentage of
the body was brightly colored, and "0" if otherwise. These data were not available
for Amazona auropalliata and Amazona oratrix, so we used measures from the
similar Amazona ochrocephala instead. Species that had a good ability to mimic
human speech in captivity, were assigned the value of "1, otherwise "0", based
on a published study (59). Size of the species (from the top of the head to the end
of the tail) was extracted from Forshaw (50), and the value of “1" was assigned to
species that were larger than the group’s average, and "0" if otherwise. The sum
of these four values resulted in a score of "1"to “5" (where "5" = most attractive).

We expected that species that are exported in higher numbers are more “dis-
posable’, i.e., they can be sold more easily in illicit or licit markets. Using the data
acquired from the CITES trade database, we calculated the total number of live
individuals of each native parrot species of Mexico exported internationally for
the corresponding time periods.

We used the total number of confiscated individuals of the parrot species
native to Mexico between 1997 and 2024 and log-transformed itas our response
variable. We standardized all explanatory variables with Z-score normalization
that centers each variable around a mean of "0" and scales it to a SD of "1",
ensuring they contribute equally to the model. First, we fitted a logistic regression
model using the "GLM" function in R statistics (60) to calculate P-values for the
seven explanatory variables. Then, we compared the Akaike information criterion
(AIC) of all combinations of the seven variables without interactions and selected
the best model with the lowest AIC using the "MuMIn” package in R (61). We
repeated these steps for each time period. Since some of the species were not
confiscated during one or more periods, in these models we introduced a small
constant of “0.001" before log-transforming the response variable.

To control for phylogenetic relatedness, we used phylogenetic trees of the
20 parrot species native to Mexico (62). Since these trees are generated with
pseudoposterior distributions (63), to account for potential uncertainties in the
branch lengths and nodes separating species, we downloaded 1,000 possible
phylogenetic trees of these species from the birdtree.org dataset (Ericson stage
2 backbone). For each of the 1,000 phylogenies, we performed a phylogenetic
generalized linear mixed model (PGLMM) using the "pglmm_compare” function
of the "phyr” R package (64, 65). The explanatory and response variables were the
same as those used in the logistic regression model. For each explanatory vari-
able, we report the average estimates of the regression coefficients (B), z-scores
for the fixed effects regression coefficients (Z), and the P-values, accounting for
phylogenetic relatedness. For each model, we report the average random effects
variances for nested random effects (s2) with SD. We also report the coefficient
of determination of each model (Rzp,ed), computed from the variance between
observed and predicted values, with the “r2" R package (66).

We acknowledge that confiscation data may be biased toward larger, vocal spe-
cies that are easier for law enforcement to detect. However, by log-transforming
the response variable and explicitly including size as component of the "enjoya-
ble" variable, our model accounts for the influence of these traits. Furthermore,
because species-specific detectability remains constant over time, the observed
shifts in significant drivers across the three decades reflect genuine changes in
trade dynamics rather than detection artifacts.

Selectivity Index. In order to evaluate if parrot species are poached proportion-
allyto their abundance in the wild, we calculated the Savage selectivity index (W)
with modifications established for the parrot trade (67, 68). Briefly, we first divided
the proportion of a given species recorded on the illegal trade (confiscation data-
set) by the proportion of the relative abundance of the same species in the wild
("abundance” data described above). We tested the null hypothesis that parrot
species are poached in proportion to their availability in the wild by comparing the
statistics of "W" to the corresponding critical value of the chi-squared distribution
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after Bonferroni correction, with one degree of freedom (68). We repeated these
steps for the three time periods.

Sociodemographic GLM Models. To test whether certain sociodemographic
indicators (including human marginalization, human population size, education,
and poverty) explain the illegal parrot trade among different states in Mexico, we
conducted logistic regressions. For each time period, we fitted a logistic regression
model using the GLM function in R statistics (60) to calculate P-values for each
explanatory variable separately, in single terms. For the response variable, we
used the number of confiscated parrots (per state per time period).

Forthe explanatory variables, we acquired 11 standard sociodemographicindi-
cators defined by the National Institute of Statistics and Geography of Mexico (INEGI;
https://en.www.inegi.org.mx/datosabiertos). We used the Mexican Marginalization
Index (IM) developed by the National Population Council (CONAPO; https://datos.
gob.mx/busca/dataset/indice-de-marginacion-carencias-poblacionales-por-
localidad-municipio-y-entidad) that measures social disadvantages across states,
and 10 standard national indicators that it is based upon (S/ Appendix, Table S4).
We acquired these data by each state for three decades (the years 2000,2010, and
2020) corresponding to our three time periods.

Spatial Network Analysis. For the spatial analysis, we downloaded polygon
shapefiles for the 32 states of Mexico (69) and aligned these with the Mexican
confiscation datasets. The Federal District was renamed to Mexico City in 2016,
and we will use its new name in the text. We visualized the data in QGIS 3.34
(https://www.qgis.org) by time period and parrot species to evaluate trends.

To analyze potential trade routes ata more granular level, we used spatial net-
workanalysis in CIRCUITSCAPE v5 (70), with relative abundance data on speciesin
the wild and trade data on the states where they were confiscated. CIRCUITSCAPE
uses electrical circuit theory to model connectivity across landscapes (18). We used
its "advanced” mode in Juliav1.11.2 environment (https://julialang.org) to simu-
late "flows" of wildlife trade from source areas (wild populations) to grounds (con-
fiscation points) across resistance surfaces representing potential trade routes.

For current source maps, we used the eBird’s relative abundance maps (exclud-
ing R. pachyrhyncha without spatial data; see above). Each raster cell value (the
relative abundance) specified the source strength in the model. For the ground
points, we generated individual raster layers for each species based on their
confiscation data in each state, assigning the values of confiscated individuals
to a single raster cell where the capital city of a given states is found, as exact
confiscation locations within the states were unknown. These points acted in the
model as "sinks” for wildlife trade with different conductance values (number
of individuals confiscated) of the resistor tying each ground node to ground.

We constructed a resistance surface of roads, to provide potential wildlife
trade pathways between source and sink locations. We focused our spatial model
on road networks as primary conduit for the domestic trade of live parrots (13).
Domesticaviation security (e.g., routine X-ray cargo scanning) makes the clandes-
tine airtransport of bulky and vocal live animals logistically prohibitive (71), while
terrestrial corridors remain the primary and most viable conduit for the domestic
live bird trade for millennia (28). Based on a road map of Mexico (https://www.
naturalearthdata.com/downloads/10m-cultural-vectors/roads), we constructed
a raster assigning low resistance values for large roads ("1" = "Freeway" and
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"Tollway," "2" = "Primary"), higher values for smaller roads ("3" = "Secondary,’
"4" ="Qther Paved," "5" = "Unpaved"), and highest("100") for areas where none
of these road types occur.

In QGIS 3.34 (https://www.qgis.org), we aligned all raster and vector layers
by reprojecting them to the same CRS (EPSG:6362) that is ideal for the area of
Mexico. Raster layers were rescaled to the same cell size (30 arc sec or around
1 x 1 km). All layers were clipped to the extent of Mexico. Current maps were
generated by CIRCUITSCAPE for each species, and then we calculated the sum of
currentvalues from all available species. We visualized this composite map with
a linear color ramp using equal intervals in QGIS 3.34.

Potential Uncertainty in Data and Modeling Approaches. One source of
uncertainty in the landscape modeling was the lack of precision of the confiscation
locations. The PROFEPA dataset did not include details about how and where
the confiscations occurred. Improved databasing is needed to make collected
information even more useful to law enforcement, via analyses like in the present
study. One solution to collect more granular data on the wildlife trade is to employ
genetic techniques to assign confiscated birds to populations or even individu-
als. Genetic techniques have been used in wildlife forensic investigations about
parrotsin a few cases to identify traded species from eggs (72), determining their
geographicorigin (73) or distinguish captive versus wild birds via parentage anal-
yses (74). Some of these results were even used and accepted in court (72, 75).

The other caveat is that the data were recorded by the regional environmen-
tal police offices (PROFEPA), which have autonomy over prioritizing their yearly
budget, e.g., into confiscations vs. crime prevention. It is possible that in certain
years or states, PROFEPA had a larger budget allowing for greater enforcement
and a higher number of confiscations. However, PROFEPA s federally funded and
has had its budget reduced since 2010, yet, as we showed, the magnitude of con-
fiscations since that year (until the COVID-19 pandemic) did not drop noticeably
as one would expect if there were a strong correlation between available budget
and confiscated animals.

Data, Materials, and Software Availability. The R-code used for the analysis
and visualizations is available on FigShare (41). Interactive online results are
available for vetted law enforcement officers at https://www.stopparrottrade.org
(20) after registration. A video of the study is available on the TIB AV-Portal (21).
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