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The availability of resources and an adequate management structure are critical for effective biodiversity con-
servation in protected areas. However, there has been a mismatch between establishing protected areas and
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encing management effectiveness in Brazilian Amazon protected areas and proposes a strategy to prioritize in-
vestments based on conservation value and anthropogenic pressures. Our findings indicate that areas supported
by the Amazon Protected Areas Program (ARPA) and managed by federal agencies generally have higher
management effectiveness and more resources than those managed by state agencies or without ARPA support.
Deforestation negatively affects management implementation and is mainly driven by surrounding pressure. We
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sustainable-use species, tend to have lower management levels and fewer resources. These results underscore the
importance of directing investments to high-value protected areas to strengthen their capacity to safeguard
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biodiversity effectively.

1. Introduction

Establishing protected areas (PAs) is the main strategy to address the
global crisis of biodiversity loss (Geldmann et al., 2021; Leverington
et al., 2010). Nonetheless, biodiversity decline persists, even within PAs
(Geldmann et al., 2013). The effectiveness of PAs in safeguarding
biodiversity depends on their ability to withstand anthropogenic im-
pacts, such as deforestation, resource availability for management
(Geldmann et al., 2018), and territorial pressures like infrastructure
projects and agricultural expansion (Shah et al., 2021). The gap in in-
vestment for conserving those areas stem from insufficient political
prioritization of environmental agenda (Maxwell et al., 2020). Conse-
quently, many PAs face technical and financial constraints, with 47 % of
those listed in the global database lacking sufficient resources, a figure
that rises to 60 % in the Neotropics (Coad et al., 2019).

Ecological representativeness and management effectiveness are key
metrics for monitoring international conservation goals in PAs (Maxwell
et al., 2020). Representativeness represents the biological richness,
either of species or ecosystems, assuming that it also reflects

biodiversity's long-term persistence (Pressey et al., 2015). Management
effectiveness assessments measure administrative attributes and their
outcomes, often based on the International Union for Conservation of
Nature (IUCN) guidelines (Leverington et al., 2010). Those assessments
intend to measure diverse outcomes, including the promotion of socio-
economic benefits for local communities and protecting cultural values
(Naidoo et al., 2019; Oldekop et al., 2016). Thus, they are more complex
to interpret compared to representativeness, but provide valuable in-
sights to inform decision-making (Coad et al., 2015).

The relationship between management effectiveness and ecological
outcomes is still poorly defined (Coad et al., 2015). While some studies
have found a positive association (Powlen et al., 2021), others have
found none (Nolte and Agrawal, 2013; Pellin et al., 2022). In the
Amazon, Pellin et al. (2022) noted that reduced resistance to defores-
tation was more influenced by area accessibility, suggesting that
external context plays a larger role than management in acting as a
barrier to threats. Similar conclusions were drawn regarding fire out-
breaks (Nolte and Agrawal, 2013). Conversely, the Amazon Protected
Areas Program (ARPA) significantly increased the capacity of supported

* Corresponding author at: Institute for Ecological Research, Rod. D. Pedro I, km 47, 12960-000 Nazaré Paulista, Sao Paulo, Brazil.

E-mail address: leticia.lopes@ipe.org.br (L. Lopes Dias).

https://doi.org/10.1016/j.biocon.2025.111303

Received 4 February 2025; Received in revised form 5 June 2025; Accepted 6 June 2025

Available online 12 June 2025

0006-3207/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://github.com/LeticiaLopesDias/ms-amazon-management-and-priorities
https://github.com/LeticiaLopesDias/ms-amazon-management-and-priorities
https://github.com/LeticiaLopesDias/ms-amazon-management-and-priorities
mailto:leticia.lopes@ipe.org.br
www.sciencedirect.com/science/journal/00063207
https://www.elsevier.com/locate/biocon
https://doi.org/10.1016/j.biocon.2025.111303
https://doi.org/10.1016/j.biocon.2025.111303
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2025.111303&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Lopes Dias et al.

areas to prevent deforestation, underscoring that improved investment
on management can enhance long-term effectiveness (Soares-Filho
et al., 2023). Additionally, Geldmann et al. (2018) found that resource
availability is positively associated with species population trends
within PAs. Given these varied and sometimes conflicting findings, the
topic would benefit from comprehensive analyses that capture the
complexities of these dynamics. To this end, we use structural equation
modeling to assess a causal model that explores the interplay between
threat context and the characteristics and management quality of PAs in
the Brazilian Amazon.

Given the constraints on resources, prioritizing investments to
enhance the effectiveness of PAs through cost-effective strategies is
essential (Kullberg et al., 2015). The conservation value of an area de-
pends on which conservation targets are assessed (Kullberg et al., 2015).
An inclusive target definition process reflects diverse values and in-
tegrates local communities' priorities (Di Minin et al., 2017). Pressure
drivers indicate threats to conservation, so areas with higher pressure
require greater intervention to ensure conservation (Adams et al., 2019;
Kullberg et al., 2015). A reactive prioritization targets areas under se-
vere pressure, while a preventive approach focuses on less vulnerable
areas to prevent losses (Ribeiro et al., 2018). Political decisions often
lead to biased creation of PAs in remote or low-commercial-value re-
gions (Vieira et al., 2019). Moreover, species representation can be five
to seven times lower when considering only areas with adequate re-
sources (Coad et al., 2019). Therefore, systematic planning for invest-
ment prioritization can enhance the impact of existing PAs by increasing
management efficiency (Kullberg et al., 2015).

In face of the new global target of protecting 30 % of the world's
territory (CBD, 2022), it is crucial to allocate investments effectively to
manage PAs in a way that meets conservation objectives (Adams et al.,
2019). In the Amazon, proper resource allocation is essential as these
areas are crucial for forest protection, responsible for preventing over
60 % of the predicted deforestation (Alves-Pinto et al., 2022). Despite
their importance, all federal Amazon areas lack sufficient resources for
effective management, risking biodiversity maintenance (Silva et al.,
2021). Beyond analyzing causal relationships, this study identifies pri-
ority PAs for biodiversity conservation and investment in management
and assesses whether these prioritized areas have adequate levels of
management and resources. Our aim is to provide insights for cost-
effective strategies to achieve conservation targets under the
Kunming-Montreal Global Biodiversity Framework (GBF).

2. Methods
2.1. Study area

We designated PAs as conservation units established through the
National System of Conservation Units (SNUC) under Brazilian Federal
Law No. 9.985/2000. While indigenous lands and quilombola territories
are also recognized as PAs in Brazil under the National Strategic Plan for
Protected Areas (Decree No. 5.758/2006), conservation units encom-
pass areas most akin to IUCN categories and benefit from management
assessment tools aligned with international standards (UNEP-WCMC,
2019).

The Brazilian Amazon has 28.5 % of its area covered by 381 con-
servation units, making it the Brazilian biome with the highest protec-
tion coverage (MMA, 2024). We analyzed 261 areas (Fig. S1, Table S1),
with their spatial delineation obtained through the National Registry of
Conservation Units (CNUC) (MMA, 2024).

2.2. Management indicators

We analyzed areas with available data on management effectiveness,
assessed by the Brazilian Federal Court of Accounts (TCU), and with
georeferenced delineation in the CNUC. Out of the 280 Amazon PAs
evaluated by the TCU, we excluded 19 due to lacking valid spatial data.
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TCU developed the Protected Areas Implementation and Management
Index (Indimapa) and applied it in coordinated audits in 2014 and 2019
(TCU, 2021). This methodology relies on 13 indicators scored from zero
to three based on responses from PAs' managers via an electronic
questionnaire (Table S2). Although based on manager's perception, TCU
data offers the advantages of being collected by an external body,
compared with data from other sources and having been applied in all
units of the Amazon biome, overcoming limitations of other assessments
(Geldmann et al., 2015; Leverington et al., 2010; Pellin et al., 2022). For
instance, the most recent evaluation using the Rapid Assessment and
Prioritization of Protected Area Management (RAPPAM) methodology
covered 150 protected areas and was conducted in 2015 (WWF-Brasil,
2017), making it both older and less comprehensive than the TCU
analysis. Another national tool, the Management Analysis and Moni-
toring System (SAMGe) (ICMBIO, 2024), is applied annually but does
not yet cover all areas. The most recent data available for SAMGe is from
2023 but includes only 130 Amazon protected areas. Therefore, TCU
remains the most up-to-date and comprehensive management effec-
tiveness assessment for Amazonian protected areas.

Indimapa is based on global tools to assess management effectiveness
(UNEP-WCMC, 2022), such as the Management Effectiveness Tracking
Tool (Stolton et al., 2021). TCU's assessment emphasizes local commu-
nities' participation and the areas' contribution to socioeconomic
development, topics scarcely addressed in other tools (TCU, 2021).
Instead of grouping management indicators into the macro-processes
(context, planning, inputs, processes, products, and results), Indimapa
provides individual scores for each indicator, including management
plans, participatory management, and biodiversity monitoring. A final
average, termed the implementation and management index (hereafter
only management index or Indimapa) is then calculated (TCU, 2021).
Management assessments typically assume that consolidating manage-
ment processes results in ecological conservation, yet offer indirect in-
formation of conservation status (Geldmann et al., 2021). Indimapa is a
continuous variable from zero to three, while human and financial
resource indicators are categorical variables classified from zero to
three, indicating lower to higher consolidation. These indicators offer
insights into team and budget sufficiency for essential management
activities (Table S2).

2.3. Statistical analyses

To investigate how the characteristics and context of PAs influence
management effectiveness and deforestation rate, we employed struc-
tural equation modeling (SEM). This approach allows for the assessment
of hypothesized causal relationships among interconnected variables
(Lefcheck, 2016). We evaluated the model fit using the chi-square sta-
tistic to compare the estimated covariance matrix with the observed one.
A good model is indicated by a p-value >5 % in the chi-square test,
meaning that the estimated covariance matrix does not significantly
differ from the observed data (Lefcheck, 2016). Our proposed causal
network was designed based on previous studies that examined various
relationships embedded within this framework. We hypothesized that
the management sphere, management group, external financial support
from ARPA, and human and financial resources would have an impact
on management effectiveness. The management sphere might influence
effectiveness indirectly by determining the availability of resources,
staff capacity, and efficiency in executing management actions (Silva
et al., 2021). Federal management bodies are typically more focused on
PA management, whereas state agencies often face the challenge of
overseeing a broader range of environmental responsibilities. We ex-
pected ARPA-supported areas to have an indirect effect on management
levels through the financial resources provided by the program, as well
as a direct effect by implementing management instruments and actions
through the program (MMA, 2020).

Sustainable use areas could exhibit lower management effectiveness
as they need to balance multiple uses while conserving their territories;
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however, their management levels might be higher if they receive
community support (Campos-Silva et al., 2021). In contrast, strict pro-
tection areas are often established in more remote locations and thus
face fewer threats (Nolte et al., 2013). We initially tested the model
including the effect of group on management index and deforestation.
When this did not yield a good fit, we used “piecewiseSEM” (Lefcheck,
2016) to treat the management group as a random factor, thus removing
its effect across all equations and recognizing the limited theoretical
support for exploring certain causal relationships in depth. While there
is evidence suggesting differences in deforestation rates by management
group, these differences appear more related to location factors than to
intrinsic group characteristics (Nolte et al., 2013). For management
effectiveness, we did not find specific studies addressing this variable.

Regarding deforestation, we anticipated that higher surrounding
deforestation would increase pressure, leading to more inner defores-
tation, even if at lower rates. Additionally, we expected proximity to
municipal centers to indicate greater accessibility to PAs, potentially
heightening deforestation risks (Hanggli et al., 2023). Management
effectiveness is presumed to correlate with ecological outcomes, but
disentangling the effect of management from contextual variables that
heavily influence deforestation rates is challenging (Coad et al., 2015;
Hanggli et al., 2023). Some studies have proposed that deforestation can
mobilize resources and protective actions, potentially increasing man-
agement scores (Pellin et al., 2022). Alternatively, areas with higher
management quality might be located in regions with elevated defor-
estation pressures, leading to higher deforestation rates (Powlen et al.,
2021). This could complicate the accurate quantification of the man-
agement effect on deforestation avoidance. By using SEM, we could test
the bidirectional relationship between management effectiveness and
deforestation and compare model suitability using Akaike's information
criterion (AIC). We also specifically examined the resources indicator of
the management index, as it has been previously suggested to be a
crucial factor for positive ecological outcomes (Geldmann et al., 2018).

In summary, our exogenous variables included the management
sphere (federal or state), participation in the Amazon Protected Areas
Program (ARPA), and distance to municipal headquarters. The endog-
enous variables were the percentage of deforestation from 2000 to 2018
within PAs and their surrounding 10 km radius, as well as financial and
human resources indicators and the management effectiveness index.
We also tested nonlinear relationships involving the area-based vari-
ables of external deforestation and distance to municipal centers, by
incorporating their squared values into the model.

Data on the management sphere, group, and ARPA participation
were obtained from the CNUC (MMA, 2024). We calculated inner and
surrounding deforestation using data from the National Institute for
Space Research (2000-2018) (INPE, 2024), and assumed this period to
be reflective of the management quality recorded in TCU assessments
(2018-2019). We obtained the deforestation raster data provided by
INPE through the TerraBrasilis platform (accessed in September 2023),
originally at a 30-m resolution. To optimize processing, we aggregated
the raster cells by a factor of 10 using the modal function, resulting in a
coarser-resolution raster. Based on this resampled dataset of 300-m
resolution, we calculated the percentage of deforested area within pro-
tected areas and their surrounding buffer zones. Data processing and
analysis were conducted using the R program (R Core Team, 2024).

2.4. Prioritization for investment in management

The Brazilian Ministry of the Environment (MMA) defined priority
areas for meeting conservation targets for the Amazon; however, exist-
ing PA were treated uniformly as previously designated “priority” areas,
without any further internal ranking or differentiation (MMA, 2021). As
a result, newly identified priority areas were restricted to unprotected
regions. Our prioritization, in turn, included PAs and complements the
priority areas identified by MMA by focusing on defining priority PAs for
investment, which is as crucial as the creation of new ones (Adams et al.,
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2019). We focused on two target groups: endangered species and species
for sustainable use. In addition, we included pressure vectors to select
areas important for biodiversity threatened by those factors.

Distribution maps of endangered species were derived from “The-
MetalLand” Laboratory database at Federal University of Goiads. The
modeling protocol is consistent with recent studies focused on conser-
vation applications (Pessoa Da Silva and De Marco Janior, 2023) and is
detailed in Supporting Information (Text S1). Distribution models allow
the estimation of species' potential distribution and are particularly
useful in poorly sampled regions, such as the Brazilian Amazon, as they
enable the extrapolation of information from well-studied sites to
broader territories (Pimenta et al., 2022; Pollock et al., 2020). Fifty three
out of 147 threatened species met the criterion of having at least 10 % of
their distribution in the Amazon biome, all mammals and birds (Fig. S2;
Table S3). By applying this threshold, we assume that species with <10
% of their range within the Amazon are likely more dependent on other
biomes and have lower ecological relevance to the biome targeted in this
study.

The sustainable use species maps come from the database from MMA
(2021), accessed in July 2022. It included distribution maps of 20 spe-
cies: Brazil nut (Bertholletia excelsa), nine species of copaiba (Copaifera
sp.), black caiman (Melanosuchus niger), ivory palm (Phytelephas mac-
rocarpa), Brazilian mahogany (Swietenia macrophylla), piassava palm
(Leopoldinia piassaba), and six species of turtles: Kinosternon scorpioides,
Peltocephalus dumerilianus, Podocnemis erythrocephala, Podocnemis
expansa, Podocnemis sextuberculata, Podocnemis unifilis (Fig. S3;
Table S3). The species distribution polygons used by the MMA are based
on maps published in scientific papers or databases and refined by
specialists who participate in workshops to define conservation targets
(MMA, 2021). For our prioritization, we rasterized the distribution
polygons at a resolution of ~1 km.

We selected the primary drivers of forest degradation in the Amazon,
as identified by Lapola et al. (2023): edge effect, timber extraction, fire
incidence, and extreme droughts. Lapola et al. (2023) mapped the
spatial distribution of these drivers, providing raster data of forest
degradation levels caused by each from 2001 to 2018. We adjusted their
resolution to ~1 km (Fig. S4). Pressure drivers are often integrated into
spatial prioritization as a cost layer, prioritizing areas facing lower
pressure (Ribeiro et al., 2018). In our study, we assigned a positive
weight aiming to highlight locations requiring increased management
actions.

We used Zonation program, version 5 (Moilanen et al., 2022a,
2022b), utilizing the additive benefit function (ABF) to prioritize high
average coverage of conservation targets. Zonation iteratively calculates
the priority of each cell in the study area using the removal rule, esti-
mating pixel importance based on input data (targets and drivers). This
involves sequentially removing cells, starting from those with the lowest
conservation value, until it achieves stability of priority ranking. The
result is a priority map where each cell is assigned a value from zero to
one (Moilanen et al., 2022a). We utilized threat categories from the
National List of Endangered Species (MMA Ordinance No. 148/2022) to
assign weights to species. Weights were set as 1 for non-threatened, 1.5
for vulnerable (VU), 1.75 for endangered (EN), and 2 for critically en-
dangered (CR) species (Table S3). We adjusted weights by dividing each
by the sum of weights and multiplying by the total species count (73).
We also adjusted pressure vector's weight to 18.25 to balance impor-
tance against species, ensuring a total sum of 73. We ran the program to
prioritize the entire Amazon biome, and set up Zonation's area statistics
to compute the average priority by PA, inserting a raster in which the
cells belonging to each PA were identified by a specific ID.

Finally, we evaluated whether prioritized PAs align with manage-
ment effectiveness, employing a Pearson correlation test. Additionally,
we investigated potential differences in priority level among areas
categorized by human and financial resource levels of 0, 1, 2, or 3, which
are named here as absent, poor, medium, or high, respectively. Due to
non-normal distributions, we utilized the non-parametric Kruskal-Wallis
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test and Dunn's post-hoc test to adjust p-values for multiple paired
comparisons.

3. Results

Among the 261 PAs analyzed, 131 are managed by state agencies and
130 by the federal agency (ICMBio). Additionally, 117 participate in
ARPA, 77 are designated for strict protection and 183 for sustainable
use. Deforestation within a 10 km radius varies from zero to 85 %, with
75 % of the areas below 40 %. Inside PAs, half of areas showed <1.6 % of
deforestation, but the maximum value was an extreme of 92 %. The
average management effectiveness index is 1.21, with a standard devi-
ation of 0.67 (Fig. S5).

Our structural equation model revealed that all hypothesized path-
ways were significant, except for the direct effect of distance to
municipal seats on inner deforestation, which appeared to act only
indirectly through external deforestation (Fig. 1, Table S4). The man-
agement sphere negatively impacted both human resources (standard
partial effect (Bsq) = —0.13) and financial resources (fsg = —0.40),
indicating that state-managed areas have fewer resources compared to
federally managed ones. ARPA support had a positive effect on financial
resources (fsq = 0.35) and the management index (Bgq = 0.29). Both
financial and human resources showed positive associations with the
management index (fsq = 0.36 and 0.40, respectively). Additionally, the
residuals of human and financial resources were positively correlated,
suggesting the presence of other variables outside the model influencing
both indicators. The management effectiveness index demonstrated a
substantial amount of explained variance (R? = 0.64), indicating that
the included predictors effectively capture factors contributing to the
management quality of PAs.

Inner deforestation negatively affected the management index (fsq
= —0.13), implying that lower deforestation within PAs is associated
with higher management quality. Inner deforestation was influenced by
surrounding deforestation (f5,q = 0.67), which itself was impacted by the
distance to municipal seats (fsyq = —0.63). For our model, inner
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deforestation had a strong level of explained variance (R = 0.50).

We observed a weak negative relationship between the management
effectiveness index and inner deforestation (Fig. 2A). Conversely, there
was a strong positive correlation between surrounding deforestation and
inner deforestation, indicating that high deforestation levels in adjacent
areas are strongly linked to increased deforestation within PA bound-
aries (Fig. 2B). The model did not fit well when testing nonlinear re-
lationships involving external deforestation and distance to municipal
seats. An alternative model configuration, where inner deforestation
decreases as the management index increases, also showed a good fit.
However, a comparison of the two configurations indicated that the
pathway from inner deforestation to the management index was more
likely than the reverse (AIC = 3114.39 vs. 3119.04).

PAs are distributed across varying priority levels, covering between
1.5 % and 62.7 % of the predicted species distribution area (Table S3).
The average priority score for areas was 53 %, with a standard deviation
of 27 %. Among the 65 areas with a high priority score (>72 %), 62 %
had medium or poor management effectiveness (<1.57), and only 5.7 %
exhibited high management effectiveness (> 2) (Fig. 3, areas classified
in priority 4). The Sustainable Development Reserve Mamiraud and the
Biological Reserve of Gurupi are examples of high priority areas with a
high management index (class 4-4, Table S5). Notably, 25 areas are of
particular concern due to their high priority and very low management
effectiveness (priority 4 and management index 1 in Fig. 3), like the
Environmental Protection Area Triunfo do Xingu and the National Park
of Pico da Neblina.

The correlation between priority degree, obtained with Zonation,
and the management effectiveness index is slightly negative, indicating
a small tendency for management index to decrease as priority increases
(r = —0.16; p < .05; Fig. S6). Similarly, areas with poor technical and
financial resources had a higher average priority compared to other
areas (Fig. S7), according to Kruskall-Wallis tests (p < .001). Signifi-
cance was observed between human resource levels 0 and 2, 0 and 3, 1
and 2, and 1 and 3, as well as between financial resource levels 0 and 2,
and 0 and 3.

I,

Human resources

R2=0.02

Sphere -0.13

-0.40 0.41

0.35

//—P

Financial resources

R2=0.34

ARPA support

\

Management index

0.25 R?2=0.64

Municipal seats
distance

-0.13

0.63 071

Inner deforestation

R%=0.50

Surrounding deforestation
R2=10.39

Fig. 1. Structural equation model with good fit, showing the relationships between factors influencing management and deforestation outcomes in protected areas
(X?4) = 15.77, p = .328). Standardized path coefficients are displayed along each pathway, and R? values represent the variance explained for each endogenous
variable. Solid arrows represent significant effects (p < .05), dashed arrows represent non-significant effects (p > .05), and the gray arrow represent an estimated
correlated error. For the management sphere, the “federal” category was used as the reference compared to the “state” category, and for ARPA support, “no support”

was used as the reference.
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Fig. 2. Partial residual plots illustrating the relationship between inner deforestation and two variables: (A) management effectiveness index, showing a slight
negative association with inner deforestation; and (B) surrounding deforestation, indicating a strong positive association with inner deforestation.
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Fig. 3. (A) Bivariate map and (B) frequency chart of protected areas in each combination class between the management effectiveness index and priority for
conservation degree. Classes and colors were defined by quartiles, that is, Management index = 1 and Priority = 1 are the units that are among the lowest 25 % in

priority and management effectiveness index.

4. Discussion

The Amazon hosts the largest extent of PAs in Brazil, playing a
critical role in combating deforestation (Alves-Pinto et al., 2022),
despite of varying greatly in their administrative structure. Our findings
highlight that areas without ARPA support, managed by state agencies,
or located in more deforested regions exhibit lower management
effectiveness. Resource availability is a significant challenge, with state-
managed areas and those lacking ARPA support perceiving a greater
insufficiency of resources. While detailed data on individual investments
would be beneficial, current evidence points to a clear disparity between
PA expansion and resource allocation (Silva et al., 2021; TCU, 2021).
Silva et al. (2021) identified a financial deficit in all federal PAs in the
Amazon, and the TCU evaluation shows that the perception of inade-
quate resources is higher in state-PA than in federal ones. Our analysis
further demonstrates that this inadequacy negatively affects manage-
ment effectiveness.

The ARPA initiative, the world's largest tropical forest conservation

program, began in 2002 and facilitated the establishment of 46 PAs by
2010, spanning over 24 million hectares (MMA, 2020). Beyond the
creation of new PAs, ARPA supports the implementation of essential
management tools, including the formation of management councils and
biodiversity monitoring. Over the past two decades, ARPA-supported
areas have shown a significant reduction in deforestation rates, pre-
venting up to 39 % of the deforestation that would have occurred
without such support (Soares-Filho et al., 2023). This success is attrib-
uted to ARPA's strategic allocation of resources to enhance management
practices, thus reinforcing the relationship between consolidated man-
agement and deforestation prevention.

Our study found a weak negative correlation between deforestation
within PAs and management effectiveness, contrasting with findings
from Mexico where higher management levels were observed in more
pressured regions but still maintained better forest cover (Powlen et al.,
2021). A global analysis similarly noted that PA with higher population
densities—indicative =~ of  anthropogenic  pressure—experienced
improved management over time (Geldmann et al., 2015). Conversely, a
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study in the Brazilian Amazon has reported no direct link between
deforestation and management effectiveness (Pellin et al., 2022) sug-
gesting that management resources may be allocated to less impacted
areas or that management efforts may be constrained by governance
limitations. Another hypothesis is that deforestation and low manage-
ment levels result from weakened environmental policies, known to
control native vegetation loss trends (Shah et al., 2021). Here, we
applied SEM to investigate the complex interrelationships between
management and the broader context in which PA are situated. This
approach allowed us to test multiple pathways simultaneously; how-
ever, we faced two main challenges. First, the lack of theoretical guid-
ance on specific aspects, such as differences in the management
effectiveness of strictly protected areas versus sustainable use areas.
Second, SEM itself poses methodological constraints, as increasing the
number of variables and relationships can hinder model fit (Lefcheck,
2016). We therefore prioritized parsimony, opting for the simplest
model that retained explanatory power. Nonetheless, we highlight the
importance of future studies that focus specifically on the determinants
of management quality and outcomes, and on expanding the coverage of
effectiveness assessments to enable the testing of more comprehensive
models with larger datasets.

Strategically directing resources to PA management is crucial for
enhancing their conservation impact. Despite a weak overall associa-
tion, our results indicate that priority areas tend to have lower man-
agement, financial, and human resources. Historical investment patterns
in PAs often aligned with regions experiencing higher deforestation,
greater species diversity, and a higher number of threatened species
(Qin et al., 2023). However, recent shifts in priorities, with a focus on
carbon storage and climate concerns over biodiversity, may be associ-
ated to our findings (Qin et al., 2023). Ensuring that high-value biodi-
versity areas receive adequate management resources is essential for
preventing biodiversity loss, particularly under high anthropogenic
pressure (Schleicher et al., 2019).

This study offers a systematic conservation planning strategy for
guiding investment decisions, considering available data. Conserving
threatened mammals and birds and sustainably used species aligns with
Brazil's obligations under the Convention on Biological Diversity (CDB),
and with the main goals of the National System of Conservation Units
(SNUC). However, individual PAs may have distinct goals, such as
preserving unique geomorphological features or safeguarding water
sources. Thus, while this analysis suggests a system-wide strategy
focused on specific targets, local management decisions may align more
closely with specific area contexts and objectives.

Effectively and equitably managed protected areas generate multiple
benefits beyond biodiversity conservation, including supporting the way
of life of traditional peoples and communities, promoting ecosystem
services, and preserving cultural heritage sites (Naidoo et al., 2019;
Zhang et al., 2023). Our objective was not to account for all possible
scenarios, but to highlight the urgent need to halt the loss of threatened
species in areas under intense pressure. Nonetheless, we incorporated
sustainable use targets to help identify areas where overlapping objec-
tives could be achieved across all selected conservation targets. Still, we
acknowledge that any prioritization is inherently influenced by the
choice of targets, and we emphasize the need for further studies that
explore aspects not addressed in our analysis, as our study complements
the Brazilian Ministry of the Environment (MMA) prioritization by
ranking PAs. Lopes Dias et al. (2024), for example, proposed an cate-
gorization matrix to identify context-specific actions for Amazon
sustainable-use PA, focusing on supporting local communities. Despite
the potential for complementarity between conservation and other
agendas, there is a growing tendency to sideline biodiversity conserva-
tion in favor of more politically appealing priorities, such as directing
funding primarily toward areas with higher carbon stocks (Qin et al.,
2023). Our study highlights the resulting investment gap in high-
pressure areas critical for species conservation.

Data quality in prioritization is hampered by biases in knowledge
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about Amazonian species, favoring certain taxonomic groups and
accessible regions (Carvalho et al., 2023). Over half of the upland areas
in the Amazon remain poorly studied, particularly those within indig-
enous lands and more conserved regions (Carvalho et al., 2023). To
address this reality, we used both a global occurrence database and a
Brazilian database managed by the federal agency responsible for
managing conservation units (ICMBio, 2023). The latter is the result of a
coordinated governmental effort, developed in partnership with several
experts, and supports the elaboration of the official national list of
threatened species (ICMBio, 2023). Deficiencies and spatial biases in
data collection can be addressed through the use of appropriate species
distribution models, as employed in this study (Pollock et al., 2020).
Moreover, such models enable large-scale decision-making across mul-
tiple taxa simultaneously (De Marco et al., 2023; Pimenta et al., 2022).

Although we modeled the distribution of all threatened vertebrates,
amphibians and reptiles were ultimately not included in our sample
because all species in these groups had <10 % of their predicted dis-
tribution within the Amazon. This suggests that the most threatened
species in these taxa are likely more dependent on other biomes. Given
that the most heavily sampled areas in the Amazon also correspond to
those under greatest anthropogenic pressure (Carvalho et al., 2023), the
aforementioned data gap may not significantly affect the representa-
tiveness of our conservation targets. Threatened species are expected to
be more concentrated in degraded areas, precisely because such condi-
tions increase their risk. However, our modeling protocol excludes
species with fewer than five occurrence records, which likely led to the
omission of extremely rare species that may persist in poorly sampled
regions. This highlights the importance of broad, long-term biodiversity
monitoring initiatives, such as ICMBio's Biodiversity Monitoring Pro-
gram (Monitora et al., 2021), which is specifically implemented within
protected areas. As such programs are consolidated, we expect im-
provements in data availability and, consequently, in the quality of
future conservation analyses. Hence, our study focused on management
investments, especially for threatened mammals, birds and sustainable-
use species conservation, while we stress the importance of concerted
efforts to enhance research in conserved biome areas, minimizing
sampling gaps and enabling informed planning and action (Johnson
et al., 2024).

Another limitation of this study concerns the availability of data on
management effectiveness. We relied on the most recent assessment
conducted by the Brazilian Federal Court of Accounts (TCU), as it re-
mains the only evaluation that covers all protected areas in the Brazilian
Amazon. Although the data are not current, it is well known that, at the
system level, changes in protected area management tend to occur
slowly and gradually (Geldmann et al., 2015). Therefore, while localized
shifts may have taken place, it is likely that the overall pattern has
remained relatively stable, particularly in the Amazon, where chronic
underinvestment in PA management persists (Silva et al., 2021).
Nonetheless, we emphasize the urgent need for regular, comprehensive,
and long-term assessments. In this context, ICMBio has been advancing
the Management Analysis and Monitoring System (SAMGe). Although
SAMGe currently includes a greater number of federal areas and has not
yet achieved full coverage of the Amazon region, it is a dynamic and
ongoing initiative that holds great potential to inform and strengthen
public policies for protected area management. Moreover, there is a lack
of systematic data on social organization and community participation
which need to be addressed to design evidence-based initiatives (Lopes
Dias et al., 2024).

The estimated minimum annual cost to conserve around 80 % of the
Amazon for ecological integrity maintenance ranges from $1.7 to $2.8
billion (Silva et al., 2022). This includes expenses for managing pro-
tected areas and indigenous lands covering 3.5 million km? (Silva et al.,
2022). For Brazilian federal PAs alone, the projected annual cost is $341
million, yet public expenditure in 2016 amounted to only 11 % of this
sum (Silva et al., 2021). This highlights the scale of the challenge, which
could be met through transnational cooperation, as exemplified by
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ARPA, emphasizing transparency and efficiency. Currently, 114 pro-
tected areas are benefiting from the Program, with an estimated in-
vestment of $280 million from 2014 to 2019 (MMA, 2020). These
initiatives should complement public spending and prioritize areas with
higher biodiversity value, as well as those experiencing greater pressure
or administrative deficiencies, based on the gaps identified in our
analysis. Additionally, conserving the biome necessitates other strate-
gies, including enforcement, combating illegal practices, and promoting
sustainable landscape management. The urgency and scale of the chal-
lenge demand swift and effective action, grounded in both science and
social justice.
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