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Abstract. Automated acoustic monitoring of bird species has strong potential
for biodiversity conservation, yet key questions remain regarding effective vi-
sual representations, deep learning architectures, and preprocessing strategies,
particularly in biodiversity-rich regions such as the Brazilian Pantanal. This
study analyzes approaches for acoustic bird species classification. Results in-
dicate that Mel-spectrograms and CNNs are the predominant standards, while
temporal segmentation is widely adopted as a preprocessing step. Additionally,
less than 6% of the reviewed studies focus on Brazil, with none addressing the
Pantanal, highlighting the need to combine globally pre-trained architectures
with regional datasets for automated biodiversity monitoring.

1. Introduction

The Pantanal, recognized as the world’s largest continuous tropical wetland and a UN-
ESCO World Natural Heritage Site, extends across Mato Grosso, Mato Grosso do Sul,
Paraguay, and Bolivia [UNESCO World Heritage Centre 2000]. It hosts around 617 doc-
umented bird species and functions as an essential feeding and breeding area for migratory
birds [Nunes et al. 2021]. Despite this ecological importance, the biome faces increasing
threats from wildfires, deforestation, and climate change, which directly affect bird pop-
ulations that act as bioindicators of ecosystem health [Justino 2025].

Traditional biodiversity monitoring, based on manual observation and expert au-
ditory identification, is limited by time, spatial coverage, and human analytical capacity.
While Artificial Intelligence, particularly Convolutional Neural Networks (CNNs), offers
a scalable solution, its application in the Pantanal remains a challenge due to several un-
resolved issues.

Firstly, most existing tools are trained on North American and European datasets,
creating a gap in understanding which visual representations of vocalizations (spectro-
grams vs. MFCCs) are truly effective for South American species. Furthermore, it is
still unclear which deep learning architectures demonstrate superior performance in this
specific context and what preprocessing techniques are vital to handle real-world audio
noise. Finally, there is a lack of synthesized information regarding automated identifica-
tion solutions already developed within the Brazilian landscape.

To address these gaps, the objective of this study is to determine the state-of-the-art
in deep learning architectures for acoustic bird classification and evaluate their feasibil-
ity for the Pantanal ecosystem. This research aims to provide the technical foundation
necessary to bridge global AI technologies and regional biodiversity monitoring needs.
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2. Methodology
To achieve the proposed objective of identifying the most effective architectures and their
applicability to the Pantanal, it was necessary to conduct a rigorous and criteria-based in-
vestigation. Therefore, a Systematic Literature Review (SLR) was chosen as the method-
ological approach. This method follows the guidelines proposed by [Kitchenham 2004],
which provide a structured protocol for identifying, evaluating, and synthesizing relevant
scientific evidence.

The process was supported by the online tool Parsifal1, ensuring a systematic man-
agement of all stages, from protocol design to data extraction. This included bibliographic
record management, duplicate removal, screening, quality assessment, and structured syn-
thesis, ensuring the replicability and transparency of the findings.

2.1. PICOC Framework
The protocol was structured using the PICOC framework [Wohlin et al. 2012], which de-
fines the scope of the review across five dimensions to ensure all aspects of the research
problem are covered:

• Population (P): Most abundant bird species of the Pantanal biome;
• Intervention (I): Computational vision models, visual representations of vocaliza-

tions (spectrograms, MFCCs), and deep learning techniques;
• Comparison (C): Traditional bird identification methods and other audio classifi-

cation approaches;
• Outcomes (O): Classification accuracy and precision, generalization capability,

and potential for ecological monitoring;
• Context (C): Pantanal.

Based on this framework, the following research questions (RQs) were formulated
to guide the review: (RQ1) What are the most effective visual representations of bird vo-
calizations (spectrograms, MFCCs) used in conjunction with computer vision techniques
for avian species classification? (RQ2) Which computer vision models have demonstrated
superior performance in classifying bird species based on their acoustic (visualized) fea-
tures? (RQ3) What preprocessing techniques are commonly applied to raw audio data
or its visual representations to improve the accuracy and robustness of computer vision
models in avian bioacoustics? (RQ4) What solutions have already been created regarding
bird species identification in Brazil?

2.2. Search Strategy and Selection Criteria
A search string was elaborated to encompass the core concepts of the review: artificial
intelligence, avian species, classification approaches, and acoustic representations. The
following string was applied:

”Artificial Intelligence” AND (”bird” OR ”avian”) AND (”classification” OR
”identification” OR ”recognition”) AND (”spectrogram” OR ”MFCC” OR ”sono-
gram”)

To ensure relevance and quality of the selected studies, a set of selection criteria
was established and applied during the initial screening phase (title and abstract analysis).
Table 1 presents the criteria adopted.

1Parsifal https://parsif.al/
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Inclusion Criteria (IC) Exclusion Criteria (EC)
Papers published from the year 2021 onwards Studies not in English
Papers with accessible full text Duplicate studies
Papers that address the use of computer Out of scope studies
vision (including Deep Learning/CNNs) Review papers or theoretical articles

No methodological transparency

Table 1. Selection criteria adopted in the systematic literature review.

2.3. Quality Assessment

To assess the methodological quality and relevance of the pre-selected studies, six qual-
ity assessment questions (QAs) were formulated based on the inclusion criteria and the
objectives of the review: (QA1) Is the dataset used clearly described (e.g., number of
species, number of samples, audio duration)? (QA2) Are performance metrics (Accuracy,
Precision, Recall, F1-Score) clearly defined and reported per species or in an aggregated
manner? (QA3) Was the source code publicly available? (QA4) Was the trained model
publicly available? (QA5) Are the studied bird species also found in the Pantanal biome?
(QA6) Was the study tested with real field data?

Each question was scored on a three-point scale: 0 when the criterion was not met,
0.5 when it was only partially satisfied, and 1 when it was fully addressed. The maximum
achievable score per study was therefore 6 points. Only studies scoring above 3 points
were retained for in-depth analysis. This scoring mechanism ensured that the final se-
lection comprised studies with sufficient empirical grounding, documented performance
metrics, ecological relevance, and methodological transparency.

2.4. Data Synthesis and Analysis

Once the final corpus of studies was established, a data synthesis process was conducted
to extract relevant information through a qualitative and comparative analysis of the archi-
tectures, visual representations, and preprocessing methods used in the selected papers.
The synthesis was structured to provide evidence-based answers to the problems raised
in the introduction, allowing the identification of patterns, current limitations, and the
feasibility of applying these global deep learning solutions to the Pantanal biome.

This process enabled a structured transition from data collection to analysis. The
following section presents the outcomes of the systematic review protocol, including the
study selection process, quality assessment results, and synthesized findings.

3. Results
This section presents the mapping obtained through the systematic literature review, as
well as the main findings reported in the selected studies regarding visual representations,
model architectures and performance, data preprocessing and refinement strategies, and
the Brazilian context.

3.1. Study Selection and Quality Flow

The application of the search string across the three databases resulted in 226 candidate
articles in total: 14 from IEEE Xplore, 198 from Science Direct, and 14 from Scopus.
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As illustrated in the flowchart in Figure 1, after removing duplicates, 219 unique studies
remained. The application of the predefined inclusion and exclusion criteria during title
and abstract screening reduced this set to 37 articles.

Following the quality assessment protocol described in Section 2.3, only stud-
ies that achieved a score higher than 3 out of 6 points were included in the anal-
ysis, resulting in a final set of 18 articles. The scores obtained by each paper
are presented in https://github.com/MilioranzaJ/Mapping-Deep-Learning-Approaches-
for-Acoustic-Bird-Species-Classification-in-the-Brazilian-Pantanal.

Figure 1. Study selection flowchart, from which the 18 main articles for analysis
in this work were selected.

3.2. Visual Representations
Regarding the technical challenges of acoustic feature extraction, the literature reveals
that there is no universally superior representation; instead, the choice depends on model
architecture and available computational resources.

The most adopted representation among the analyzed studies for deep learning
models such as CNNs and Transformers was the Mel-spectrogram. By mimicking au-
ditory perception and reducing redundancy in high frequencies, this representation has
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become one of the primary inputs for high-performance architectures. Studies such
as [Heinrich et al. 2025] and [Zhang et al. 2023] utilized Mel-spectrograms to feed net-
works. Additionally, [Silva et al. 2025] highlighted the efficiency of generating these rep-
resentations dynamically via GPU using the Kapre library for end-to-end models.

In contrast, Mel-Frequency Cepstral Coefficients (MFCCs) emerged as the most
effective representation in environments with severe background noise and for Edge Com-
puting contexts. A comparative analysis by [Wang et al. 2023] demonstrated that MFCCs
possess a superior ability to handle environmental noise compared to other visual rep-
resentations like Log-Mel or Chroma. Due to their compact nature, MFCCs remain the
preferred choice for training traditional, lightweight classifiers such as LightGBM and
SVM, enabling high accuracy with minimal computational cost for IoT and agricultural
applications [Kazeneza et al. 2025, Delgado-Rajó and Travieso-Gonzalez 2025].

To overcome the limitations of single representations, recent literature proposes
hybrid approaches. [Xie et al. 2022] developed a multi-visual fusion model, demon-
strating that extracting simultaneous features from Wavelet Transform (WT), Hilbert-
Huang Transform (HHT), and STFT maximizes classification precision. Furthermore, for
smaller datasets where deep CNNs are prone to overfitting, [Xie and Zhu 2022] proved
that Scale-Frequency Maps (SFM) outperform traditional Mel-spectrograms, being highly
effective for 2D and 3D-CNN architectures.

3.3. Performance of Architectures and Models

To address the uncertainty regarding model performance in bioacoustics, the selected
studies were analyzed to identify which computer vision architectures have demonstrated
the best results for classifying bird species from visual acoustic representations. This
analysis is central to understanding the state-of-the-art models that could be effectively
applied to the Pantanal’s biodiversity. Of the 18 reviewed studies, eight proposed and
trained their own customized CNN architectures.

Among these, notable examples include the AudioProtoPNet
[Heinrich et al. 2025], an interpretable model with a ConvNeXt backbone, the CMS-H
[Wang et al. 2023], which combines static and dynamic hierarchical modeling of bird
song features, and the ISCL [Zhang et al. 2023], which integrates self-supervised learn-
ing with a modified ResNet. In addition, the PNW-Cnet [Ruff et al. 2021], a six-layer
CNN for threatened species monitoring, and a lightweight CNN for low-cost IoT devices
[Delgado-Rajó and Travieso-Gonzalez 2025] highlight the diversity of architectural
proposals. Four studies evaluated standard pretrained architectures. EfficientNetB0,
EfficientNetB4, and MobileNetV2 [Kazeneza et al. 2025] were explored in knowledge
distillation, with EfficientNetB4 achieving accuracy close to 99%, although these metrics
depend on dataset conditions and validation protocols. Similarly, ECAPA-TDNN
combined with ResNet34 [Hu et al. 2025] employed temporal delay networks as an
alternative to traditional convolutions.

BirdNET appeared as a central reference in three studies, reflecting its consol-
idation as a widely adopted baseline. [Ware et al. 2023] demonstrated its capacity to
expand species detection in large-scale monitoring compared to manual listening alone.
[Clarfeld et al. 2025] evaluated a two-stage detection framework applied to distinct clas-
sifiers, reporting true positive rates of 71.5% and 17.0% in the first stage. Logistic
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regression-based post-processing improved separation in both cases, reaching 84.5% and
89.8%, indicating that false positives are a broader challenge in automated wildlife de-
tection pipelines. [Michaud et al. 2023] used BirdNET to compare against unsupervised
clustering (DBSCAN), demonstrating its versatility as a benchmarking baseline. Addi-
tionally, [Dematties et al. 2024] employed BirdNET as an auxiliary validation mechanism
for self-supervised models (DINO and VICReg).

Beyond deep learning, some studies investigated traditional machine learning
models in scenarios prioritizing computational efficiency. [Sun et al. 2024] reported
94.09% accuracy using Random Forest with sparse signal representation via OMPA,
while SVM and LightGBM also achieved competitive results in agricultural pest detec-
tion with lower computational cost. Overall, although CNNs remain the dominant ap-
proach, hybrid and lightweight models continue to be relevant for deployment in resource-
constrained environments.

3.4. Data Preprocessing and Refinement Strategies
The analysis of the selected studies further identified the preprocessing techniques com-
monly applied to raw audio data or its visual representations to improve accuracy and
robustness in avian bioacoustics. Table 2 summarizes the frequency of occurrence of
each technique across the 18 selected studies.

Author and Year Specific Parameters Seg. Res. Noi. Aug. Norm. Pad.

[Silva et al. 2025] 22 kHz, Band-pass, Zero-
pad

X X X X

[Heinrich et al. 2025] 32 kHz, SpecAugment, Z-
score

X X X X X

[Hu et al. 2025] 32 kHz, Background noise
mix

X X X X

[Xie and Zhu 2022] 16 kHz, Wavelet denoising X X X

[Sun et al. 2024] OMPA/Sparse, Min-Max
scaling

X X X

[Zhang et al. 2023] Mixup, time-shift X X

[Michaud et al. 2023] 44.1 kHz sampling X X

[Delgado-Rajó and Travieso-Gonzalez 2025] RMS thresholding X X

[Xie et al. 2022] 5s windows X

[Doren et al. 2025] Fixed-length segments X

[Wang et al. 2023] 3s windows X

[Dematties et al. 2024] 5s windows X

[Wu et al. 2023] 1s windows X

[Kazeneza et al. 2025] 2s windows X

[Duarte et al. 2024] Fixed-length segments X

[Clarfeld et al. 2025] BirdNET default (3s) X

[Ruff et al. 2021] 12s windows X

[Ware et al. 2023] BirdNET default (3s) X

Total — 18 5 4 3 3 2

Table 2. Taxonomy of preprocessing techniques applied per study and their
technical parameters. Seg. = Temporal Segmentation; Res. = Resampling;
Noi. = Noise Filtering; Aug. = Data Augmentation; Norm. = Normalization;
Pad. = Padding.

Temporal segmentation was the most adopted technique, present in all 18 studies.
Segment durations ranged from 1 second to 30 seconds depending on study objectives,
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though windows of 1, 2, 3, and 5 seconds were most common. This standardization
ensures consistent input dimensions for visual representations and facilitates batch-based
deep learning training. For audio segments shorter than the defined window, zero-padding
or circular padding were employed to maintain fixed dimensionality, though these ap-
peared in only two studies.

Resampling to a standardized sampling rate was applied in five studies, with rates
varying widely from 11,025 Hz to 48,000 Hz. The choice of rate was often determined by
model specifications (BirdNET requires 48 kHz) or by the target species frequency range.

Noise filtering and denoising appeared in four studies, implemented through vari-
ous strategies: band-pass filtering to isolate frequency ranges of interest, stationary noise
subtraction, wavelet-based thresholding, and sparse representation-based signal recon-
struction using MPA and OMPA algorithms. These approaches reflect a concern with
isolating the biological signal from environmental interference, which is particularly rel-
evant in field recording scenarios.

Data augmentation was reported in three studies, primarily through SpecAugment,
a technique that applies random zero-masks to frequency bands and time frames on spec-
trograms. Additional time-domain strategies included background noise injection, time-
shifting, gain adjustment, and mixup. Finally, amplitude normalization, including max-
imum absolute value scaling or Z-score standardization, was applied in three studies to
standardize signal scale across heterogeneous recordings.

3.5. Mapping Solutions in the Brazilian Context
The fourth research question investigated the extent to which deep learning solutions for
bird acoustic classification have been developed specifically for the Brazilian ecological
context. The results expose a critical gap: of the 18 analyzed studies, only one (5.6%),
[Silva et al. 2025], was designed entirely around Brazilian data and ecological conditions.
The remaining 17 articles (94.4%), by contrast, were conducted with data from other
geographic regions, predominantly Europe, North America, and Asia.

Despite this geographic disparity, a more nuanced reading of the taxonomic com-
position of datasets reveals that 12 of the 18 studies (66.7%) included species that also
occur in Brazil, suggesting technical applicability to the national fauna even when the
research was not designed with that intention. This taxonomic overlap manifests in three
main contexts: shared Amazonian fauna [Heinrich et al. 2025] used recordings from the
Peruvian Amazon, a region sharing numerous species with the Brazilian Amazon); mi-
gratory birds [Ware et al. 2023], [Doren et al. 2025], and [Duarte et al. 2024] detected
Nearctic migrants that winter in Brazil, such as the Lesser Yellowlegs, the Solitary Sand-
piper, and the Osprey); and cosmopolitan or introduced species widely distributed in
Brazil (House Sparrow, Rock Dove, Barn Swallow), present in eight studies.

The sole exception oriented to the national ecological context, [Silva et al. 2025],
proposes an end-to-end model to analyze the impact of anthropogenic noise on the South-
ern House Wren (Troglodytes aedon musculus) in urban Bauru, São Paulo. Although
methodologically rigorous and ecologically meaningful, this study does not address the
specific challenges of the Pantanal or other species-rich Brazilian biomes, such as ex-
traordinary tropical biodiversity, acoustically complex multi-species soundscapes, sea-
sonal variation in vocal activity, or the absence of labeled training data for many endemic
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species. Taken together, these observations confirm that the automated acoustic monitor-
ing of Pantanal avifauna remains a largely unaddressed research challenge, constituting a
significant opportunity for future work.

4. Discussion
The results of this research converge toward a consistent understanding of the current
state of the art, while also exposing structural gaps with direct implications for biodiver-
sity monitoring in the Pantanal. Across the research questions, a clear tension emerges
between the technical maturity of global AI solutions and their effective applicability to
the ecological particularities of tropical South American biomes.

Regarding visual representations, spectrogram-based inputs are firmly consoli-
dated as the dominant paradigm in avian bioacoustics. Mel-spectrograms stand out as the
most frequently adopted representation, followed by linear spectrograms and MFCCs, in-
dicating a preference for time–frequency structures that balance acoustic detail and com-
putational efficiency, particularly in combination with CNN architectures.

In terms of model architectures, the field is strongly dominated by deep learning
approaches. Custom CNNs and high-performance pretrained models, such as BirdNET
and EfficientNetB4, achieve very high classification accuracy, reinforcing the consolida-
tion of deep learning as the central methodological paradigm. Nevertheless, traditional
models such as Random Forest and SVM remain competitive in contexts where com-
putational resources are limited, highlighting the continued relevance of lightweight and
hybrid solutions for real-world deployment.

With respect to preprocessing, the findings reveal a strong emphasis on standard-
ization and input conditioning. Temporal segmentation appears consistently as a struc-
tural step to ensure fixed-size inputs, while resampling, normalization, and denoising are
widely employed to reduce variability caused by heterogeneous recording conditions. In
general, preprocessing is treated less as a space for methodological innovation and more
as a necessary stage to stabilize training and improve performance consistency.

Most critically, the lack of Brazilian-contextualized research, with only 5.6% of
the selected studies focusing on national ecological conditions, represents a significant
geographic and scientific gap. Although a substantial portion of the reviewed datasets
includes species that also occur in Brazil, taxonomic overlap alone does not substitute
for models trained on regionally representative data. This limitation becomes particu-
larly relevant in the Pantanal, where ecological complexity and increasing environmental
pressures demand locally adapted and ecologically grounded monitoring solutions.

5. Conclusion
This work mapped the state of the art in deep learning and computer vision approaches
applied to acoustic bird species classification, with an lens toward its applicability to
the Brazilian Pantanal context. The analysis of 18 selected studies reveals that Mel-
spectrograms are the most widely used acoustic representation, CNN-based architectures
dominate the field, and temporal segmentation is a universal preprocessing step. Beyond
these technical patterns, however, the review also uncovers a critical research gap: only
one study was specifically designed for the Brazilian ecological context, and none ad-
dressed the Pantanal’s acoustic environment, biodiversity, and endemic species directly.

46º Congresso da Sociedade Brasileira de Computação (CSBC 2026), Gramado/RS

17º Workshop de Computação Aplicada à Gestão do Meio Ambiente e Recursos Naturais (WCAMA 2026): Artigos Completos

8



Taken together, these findings support the conclusion that while technically ma-
ture AI tools exist for bird acoustic classification, their application to the Pantanal is con-
strained by geographic bias in training data, absence of regionally adapted models, and
limited standardization of preprocessing practices for tropical soundscapes. In this re-
gard, combining transfer learning from globally pre-trained models with region-specific
datasets emerges as the most promising pathway toward accurate automated monitoring.
To advance in this direction, future work should prioritize dataset expansion for Pantanal
species, exploration of partial fine-tuning strategies, development of standardized evalua-
tion benchmarks for Neotropical bioacoustics, and the integration of ecological validation
to ensure that technical performance translates into meaningful conservation outcomes.
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