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The role of ecoacoustics in monitoring ecosystem
degradation and restoration
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Ecoacoustic approaches are increasingly being used to monitor biodiversity, having emerged as a promising tool for monitoring eco-
system degradation and restoration in the last two decades. Despite the growth, their application in monitoring animal populations in
changing ecosystems remains underutilized. In this systematic review and meta-analysis, we evaluate the effectiveness of ecoacoustic
methodologies to assess ecosystem changes. We include studies focusing on ecoacoustic monitoring of species or soundscapes in eco-
system degradation or restoration contexts. A total of 187 studies (2003—May 2025) were included, with 124 focusing on degradation
and 63 on restoration. Passive acoustic monitoring was used more frequently (89%) than manual acoustic monitoring. Bats were most
studied, followed by birds, soundscapes, amphibians, invertebrates, and mammals. Most studies (66%) examined species diversity and
other community characteristics, while 12% addressed population characteristics like a particular species’ range. We highlight ecoa-
coustics as a growing, globally used, and scalable tool for ecosystem monitoring that effectively captures ecological changes, offering
restoration experts unique advantages. A Bayesian multinomial meta-analysis was conducted to assess whether the direction of animal
responses varies according to taxonomic groups, habitat change type, and drivers. Significant effects of habitat change type on animal
responses were detected, while urbanization increased the likelihood of a decrease, and forest management supported an increase in
animal response. While numerous studies document ecosystem degradation, there is a notable gap in research examining animal
responses to ecosystem restoration. There is a need to investigate further how ecoacoustic monitoring can evaluate ecosystem restora-
tion and its implications for biodiversity, especially in tropical regions. We recommend a multi-taxa approach in ecoacoustic monitor-
ing, integrating soil and freshwater and employing diverse acoustic indices to provide a holistic view of ecosystem health.
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capes, tropics

intricate ecological interactions, which are critical for under-

standing ecosystem health (Lee et al. 2021).
® Emphasizes the increasing importance of passive acoustic Ecoacoustic monitoring emerges as a complementary
monitoring (PAM) for ecological assessments and flags

out important research gaps that need to be addressed.

e Advocates that policymakers lobby for funding for eco-
system restoration monitoring and establishing monitor-
ing frameworks using PAM, particularly in biodiverse
regions like tropical ecosystems.

e Calls for future studies to integrate PAM in wildlife and
ecosystem monitoring, expand its application to include

Implications for Practice

solution to these limitations. This method provides real-time,
archivable data that captures both species-specific activity and
broader soundscape patterns, allowing researchers to document
biodiversity and ecosystem dynamics at multiple scales, includ-
ing those of nocturnal and cryptic species that are otherwise dif-
ficult to monitor (Gibb et al. 2019; Rappaport et al. 2022).
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Ecoacoustics in ecosystem change monitoring

Ecoacoustic sampling offers a direct, non-invasive method for
quantifying animal presence, behavior, and diversity over time,
making it well suited to detect ecological changes associated
with degradation or restoration efforts (Gibb et al. 2019; Ducret-
tet et al. 2025).

Previous studies have shown that land use change, fragmenta-
tion, and degradation alter soundscape composition by reducing
biophonic complexity and increasing anthropogenic noise levels
(Choksi et al. 2023). These acoustic shifts can reflect declines
in species richness, changes in community structure, and dis-
ruptions in ecological interactions. In addition, changes in
soundscape composition can serve as sensitive indicators of eco-
system recovery, community reassembly, and the return of key
functional groups (Choksi et al. 2023; Quinn et al. 2024). There-
fore, ecoacoustic methods can capture both immediate and
long-term ecosystem change in ways that traditional surveys
might overlook. Understanding the effectiveness of ecoacoustic
methods for monitoring ecosystem change is essential (Borker
et al. 2020; Greenhalgh et al. 2021; Robinson et al. 2023).

Previous studies have reviewed published works in the ecoa-
coustic field, providing excellent resources for consolidating
current knowledge on using ecoacoustics in terrestrial ecosys-
tems. For example, Sugai et al. (2018) presented a roadmap for
survey designs in terrestrial ecoacoustic monitoring. Here, the
authors stress the limited use of passive acoustic monitoring
(PAM) in terrestrial ecosystems but highlight its potential for
evaluating biodiversity over extensive geographical and tempo-
ral ranges. Becker et al. (2022) presented a comprehensive over-
view of research over the last 70 years in Africa, focusing on
developing bioacoustics as a scientific field and its application
in various geographic, taxonomic, and thematic contexts
throughout the continent. Similarly, Xavier et al. (2023) con-
ducted a systematic mapping of research on bats in agricultural
systems, highlighting trends in acoustic and mist-net sampling,
while also identifying important regional and biome-specific
gaps, particularly the underrepresentation of studies in the Afro-
tropics and non-forested ecosystems like savannahs.

However, although the aforementioned studies advance our
understanding of ecoacoustics for biodiversity, the role of ecoa-
coustics in monitoring changing ecosystems (i.e. degraded and
restored ecosystems) remains less established. Previous reviews
have given limited attention to the use of ecoacoustic methods
for monitoring community- and population-level characteristics
in ecosystems undergoing change. Prior reviews have largely
focused on forested systems and temperate regions, with little
consideration of tropical ecosystems like savannahs, which are
highly vulnerable to degradation yet under-represented in
acoustic monitoring studies (Umuhoza et al. 2025). Considering
the growing focus on biodiversity and ecosystem services in res-
toration endeavors (Ren et al. 2016), it is crucial to comprehen-
sively assess the use of ecoacoustics for monitoring in this
domain to realize its full potential.

Here, we systematically search studies that used ecoacoustic
methodologies to monitor the characteristics of soundscapes in
changing ecosystems. In particular, we review studies focused
on community characteristics (those applied to multiple species,
like species diversity, interactions, succession, resilience, and

stability) and population characteristics (those applied to single
species, occurrence, activity, abundance, and distribution
patterns). We further extend previous works by incorporating
ultrasonic monitoring approaches, evaluating acoustic indices
alongside traditional ecological indicators, and highlight oppor-
tunities for more holistic monitoring frameworks in both tropical
and temperate ecosystems.

Through this review, we aim to synthesize the current body of
literature, identify areas lacking in research, and provide recom-
mendations for future studies to researchers and restoration
practitioners. In addition, the review facilitates the identification
of crucial ecological indicators and acoustic metrics that are
most frequently used for evaluating the achievement of restora-
tion success.

In particular, the specific objectives of this systematic litera-
ture review are to:

(1) Review the use of ecoacoustic methodologies in assessing
ecosystem degradation and restoration.

(2) Evaluate the methodologies employed in the literature
regarding the use of ecoacoustic tools to monitor the effects
of ecosystem change on animal populations, communities,
and the broader soundscapes.

(3) Assess how habitat change (gain or loss), taxonomic group,
driver of habitat change, and the type of animal response
influence the direction of animal response.

(4) Make recommendations to implement the use of ecoacoustics to
assess animal and soundscape responses to ecosystem changes.

Methods

Protocol

We used the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA 2020) approach, developed by
Page et al. (2021), to report our systematic review.

Eligibility Criteria

We structured the eligibility criteria reporting following the
Population Intervention Comparison Outcome (PICO) frame-
work (Page et al. 2016). Populations: Terrestrial ecosystems
experiencing changes through gain or loss. Intervention:
Research that utilized ecoacoustic methods to track ecosystem
changes. Comparator: Non-ecoacoustic monitoring methods
(@if present). Outcome: Effects of ecosystem changes on the
soundscapes, acoustic indices, statistical analyses of the acoustic
energy patterns and distribution in digital soundscape record-
ings, and animal community characteristics. We considered
studies that met the above PICO parameters for inclusion in
the systematic review. We only included papers written
in English and those that were primary research. There were
no restrictions on the publication date.

Information Sources and Search Strategy

We conducted a search of the literature using Web of Science,
Scopus, and Google Scholar. All authors agreed upon the final

20f13

Restoration Ecology

85U0|7 SUOWIWOD) BAIER1D) 3gedljdde sy Aq peusenob a8 S Ie YO ‘88N JO SN 10} ARIqITBUIUO AB]IM UO (SUORIPLOD-PUR-SLUBHWO0D A8 | 1M ARIq 1 BUIUO//SANY) SUORIPUOD PUe SWB | 84} 885 *[5202/80/02] U0 Ariqi]auiiuo A8Im ¢ AISRAIUN JuS1 L WeyBumoN - ez 0IuolUY AQ 89T0Z 004/ TTTT OT/I0p/L0d" A8 |Im AreIq1jpu1|UO//SANY WOy papeojumod ‘0 ‘X00T9ZST



Ecoacoustics in ecosystem change monitoring

set of keywords and selected them to meet the search criteria.
The search comprised terms relating to acoustic monitoring, ani-
mal groups, biodiversity, and land use changes. We combined
the search terms using Boolean operators (see Supplement S1
for complete search terms).

Selection Process

For initial screening (up to May 2024), we used DistillerSR
(DistillerSR Inc. 2024), a web-based software that employs
screening and quality assessment algorithms, to input literature
and remove duplicate entries. We utilized the software to evalu-
ate the research and ascertain eligibility based on the predefined
criteria for inclusion (Higgins et al. 2022). The first author, C.G.,
conducted the initial screening during the title and abstract
screening stage. A second author, A.U., independently reviewed
5% of the studies chosen at random. In the full-text screening
stage, a third author, E.K., assessed 5% of randomly chosen
studies. We deliberated over whether to include or exclude the
studies until we agreed. We interpreted Cohen’s kappa coeffi-
cient according to the guidelines provided by McHugh (2012).
The authors exhibited a high level of agreement during both
the title and abstract screening stage (x = 0.57) and the full-text
screening stage (x = 1.0).

We also screened the papers included in relevant systematic
review publications (Sugai et al. 2018; Alcocer et al. 2022;
Becker et al. 2022; Xavier et al. 2023; Qiu et al. 2024; Turling-
ton et al. 2024).

Data Collection Process and Extraction

We included details of the extracted information in Table S1.
To evaluate patterns in animal responses to habitat change,
we fitted a Bayesian multinomial meta-analysis using the brms
package (v2.22.0) in R (v4.4.3) (Biirkner 2017). The model
assessed whether habitat gain or loss differentially influenced
the direction (response variable, categorized as Decrease, No
effect, or Increase) of animal response relative to control sites.
Animal response included diversity, richness, evenness, occur-
rence, distribution, relative abundance, abundance, activity,
composition, Acoustic Diversity Index (ADI), Bioacoustic
Index (BI), and Acoustic Complexity Index (ACI), while those
with a sample size less than 5 were grouped as “other
(Acoustic Evenness Index [AEI], Normalized Difference
Soundscape Index [NDSI], and Acoustic Entropy).” Fixed-
effect predictors comprised the habitat change type (gain or
loss), taxonomic group, and the interaction. Additionally, we
included individual drivers of habitat change and the type of ani-
mal response as fixed-effect covariates to control for other
potential sources of variation. Drivers of habitat loss included
agricultural intensification, fragmentation, logging and defores-
tation, urbanization and infrastructure development, and wild-
fire, while those with a sample size less than 5 were grouped
as “other (natural phenomena, growth of invasive species,
industrial disturbance).” Habitat gain drivers include forest
management, removal of invasive species, and reforestation
and prescribed fire, while those with a sample size less than

5 were grouped as “other (regrowth/regeneration and restoration
of a mine).” We incorporated study-level random intercepts to
address between-study heterogeneity arising from multiple
observations per publication. Posterior distributions of interac-
tion terms revealed how response patterns varied across taxo-
nomic groups, with model robustness verified through
sensitivity analyses (Conn et al. 2018).

We evaluated model robustness through a comprehensive
prior sensitivity analysis, comparing our main model’s assump-
tions (normal [0, 1.5]) with both tighter (normal [0, 1]) and
broader (normal [0, 3]) alternatives.

Results

Study Selection

We identified 3040 records from the three databases and search
engines in our initial search (Fig. 1). We eliminated 119 dupli-
cate records in DistillerSR. First, we manually screened the titles
and abstracts of 2921 records, excluding 2729 articles. Second,
we read 192 articles in their entirety and eliminated 95. Ulti-
mately, we included 97 papers that satisfied the eligibility-
inclusion criteria. Our additional searches identified 1671
papers. We eliminated 101 duplicates and applied the same rig-
orous screening process as above, eliminating 1479 papers that
did not meet the criteria. We included 90 additional studies
that met our criteria (Fig. 1). The final set comprises 187 papers
spanning from 2003 to May 2025 (Table S1). The meta-
analysis, which included 299 observations from 187 studies,
was consistent across prior specifications, with key effects main-
taining direction and statistical credibility, supporting the reli-
ability of our conclusions. The analysis detected substantial
between-study heterogeneity, with random intercept standard
deviations (7) of 2.04 (95% credible intervals [Crl]: 0.97-3.25)
for Decrease responses and 2.09 (95% Crl: 0.89-3.46) for
Increase responses. The heterogeneity translated to an intraclass
correlation coefficient (ICC) of 0.55 (95% CrI: 0.38-0.70), indi-
cating that 55% of the total variance in response direction was
attributable to between-study differences. Sensitivity analyses
confirmed the robustness of these findings: the direction and sta-
tistical credibility of key effects remained consistent across prior
specifications.

Over this period, there has been a rise in the use of ecoacous-
tics in research related to ecosystem change (Fig. 2). The current
year (2025) was excluded from the trend analysis to avoid bias
from incomplete data, as only a few months were available.

The 187 studies included were geographically diverse, cover-
ing all continents but Antarctica. Most research work was con-
ducted in North America (n = 67), followed by Europe
(n = 40), South America (n = 32), Asia (n =19), Africa
(n = 15), and Australia (n = 14). Forty-eight countries contrib-
uted to the studies reviewed, with the United States (n = 41),
Brazil (n = 19), and the United Kingdom (n = 12) leading in
terms of the number of published studies (Fig. S1).

Furthermore, this evaluation found a near balance in the dis-
tribution of studies across climatic zones, though temperate
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Figure 1. A flow diagram showing the study selection process based on PRISMA 2020 guidelines (Page et al. 2021).
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Figure 2. Number of studies using ecoacoustics in monitoring ecosystem change from 2003 to 2024.

regions accounted for marginally more (102 studies, 55%) com-
pared to 85 studies (45%) in tropical regions (Fig. S2).

Use of Ecoacoustics in Assessing Ecosystem Degradation and
Restoration

More studies in this review used ecoacoustics to monitor the
impacts of various drivers of ecosystem degradation (n = 124,
66%) than ecosystem restoration (n = 63, 34%) on biodiversity.
Studies that focused on monitoring ecosystem degradation

employed ecoacoustic monitoring to assess the impacts of the
following drivers of habitat change: wildfire/accidental fires
(e.g. Wood et al. 2024), logging/deforestation (e.g. Law
et al. 2011), agricultural/pasture expansion (e.g. Vilches-
Pifiones et al. 2022), urbanization (e.g. Holgate et al. 2021),
infrastructure development (e.g. Alvarez-Berrios et al. 2016),
non-native invasive species (Mark et al. 2024), and natural phe-
nomena (i.e. typhoons, [Buxton et al. 2016]) on biodiversity and
ecosystem health. The meta-analysis showed an increased odds
of a decrease in animal response with urbanization (Table 1).
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Ecoacoustics in ecosystem change monitoring

Table 1. Bayesian multinomial regression results for decreased outcome on animal responses to habitat change.

Log—odds Odds ratio
Parameter Estimate LogOdds_CI OR OR_CI Significance
Decrease: intercept 0.66842392 [—1.92, 3.12] 1.95 [0.15, 22.67]
Decrease: habitat loss 2.13363697 [—0.08, 4.39] 8.45 [0.93, 80.32]
Decrease: birds 0.23199747 [—1.86, 2.33] 1.26 [0.16, 10.26]
Decrease: other (insects, mammals, amphibians) —0.31513626 [—2.72, 2.08] 0.73 [0.07, 7.99]
Decrease: soundscape 0.51695437 [—1.62, 2.64] 1.68 [0.20, 14.00]
Decrease: (forest management, removal of —1.11629294 [—3.46, 1.11] 0.33 [0.03, 3.02]
invasive species and reforestation)
Decrease: Fragmentation —0.09535978 [—2.00, 1.88] 0.91 [0.13, 6.54]
Decrease: other (logging and deforestation) —0.08093251 [—1.81, 1.77] 0.92 [0.16, 5.88]
Decrease: other (natural phenomena, growth of —0.59179493 [—2.74, 1.60] 0.55 [0.06, 4.93]
invasive species, industrial disturbance)
Decrease: other (restoration of mines, —0.58351298 [—3.31, 2.14] 0.56 [0.04, 8.47]
regrowth/regeneration)
Decrease: Prescribed fire —0.41112226 [—2.95, 2.09] 0.66 [0.05, 8.12]
Decrease: urbanisation and infrastructure development 1.10889090 [—0.70, 3.02] 3.03 [0.50, 20.41]
Decrease: wildfire 0.10288541 [—2.05, 2.21] 1.11 [0.13,9.15]
Decrease: ACI and complexity —0.28783603 [—2.71, 2.10] 0.75 [0.07, 8.20]
Decrease: activity 0.32518274 [—1.29, 1.95] 1.38 [0.28, 7.06]
Decrease: ADI, diversity and richness 0.89553627 [—0.67, 2.50] 2.45 [0.51, 12.24]
Decrease: BI 0.87796789 [—1.40, 3.27] 2.41 [0.25, 26.18]
Decrease: composition —0.46295379 [—2.85,1.91] 0.63 [0.06, 6.76]
Decrease: occupancy —0.80822825 [—2.85, 1.24] 0.45 [0.06, 3.47]
Decrease: other (AEI, NDSI, H) —0.34642195 [—2.81, 2.07] 0.71 [0.06, 7.93]
Decrease: soundscape saturation —0.12465911 [—2.57, 2.50] 0.88 [0.08, 12.16]
Decrease: habitat loss: birds 1.08428080 [—1.09, 3.25] 2.96 [0.34, 25.73]
Decrease: habitat loss: other 0.08785487 [—2.32, 2.58] 1.09 [0.10, 13.15]
(insects, mammals, amphibians)
Decrease: habitat loss: soundscape 0.85665774 [—1.41, 3.13] 2.36 [0.24, 22.85]

Conversely, there was less emphasis on studying drivers
of ecosystem restoration, which included reforestation
(e.g. Robinson et al. 2023), reclamation of mining sites
(e.g. Wilson & Bayne 2018), removal of invasive plant species
(e.g. Wright et al. 2018), prescribed burning (e.g. Jorge
et al. 2022), forest and landscape management (e.g. Venier
et al. 2024), ecological succession (Rowley et al. 2024) and
non-assisted regrowth/regeneration (e.g. Ng et al. 2018). The
meta-analysis showed that forest management practices, inva-
sive species removal, and reforestation showed an increased
odds of animal response increase (Table 2).

Ecoacoustic Approaches Used in Monitoring the Impact of
Ecosystem Change

Throughout the literature, researchers used various ecoacoustic
techniques to monitor how animals respond to changes in their
ecosystem. These approaches are divided into PAM and manual
acoustic monitoring (MAM). PAM was employed in most stud-
ies (n = 166; 89%), whereas only 21 studies (11%) used MAM.
Bats were the most extensively researched taxa using PAM and
MAM approaches (Fig. 3).

Of the 187 studies, 82% (n = 153) focused on individual ani-
mal groups rather than soundscapes. In contrast, fewer studies
examined more than one taxon, e.g. birds and invertebrates, or

bats and birds (n = 19, 10%), or investigated soundscapes, cap-
turing a broad range of sound sources (n = 15, 8%).

Community and Population Characteristics

Many studies focused on animal community characteristics
(n =123, 66%) (Fig. 4). A small number of these studies
employed more integrative biodiversity measures: three
studies used beta diversity, two applied functional diversity met-
rics, and one incorporated taxonomic, functional, and phyloge-
netic diversity in combination.

Other studies (n = 42, 22%) investigated the relationship
between population (individuals of the same species) and
broader community (multiple species) patterns and ecosystem
changes. The studies that exclusively examined population
characteristics, like activity patterns, occupancy, occurrence,
presence, overall abundance, and relative abundance of spe-
cific species, were the least common (n = 22, 12%, Fig. 4).
Our meta-analysis showed a higher chance of detecting animal
response decrease with habitat loss when using ADI, diversity,
and richness metrics, but this was not statistically significant
(Table 1).

To assess the impact of ecosystem changes on animal popula-
tions, most researchers used the Shannon—Weaver index,
ecosystem suitability models, non-metric multidimensional
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Table 2. Bayesian multinomial regression results for increased outcome on animal responses to habitat change.

Log—odds Odds ratio

Parameter Estimate LogOdds_CI OR OR_CI
Increase: intercept 3.71470825 [1.33, 6.26] 41.05 [3.80, 524.30]
Increase: habitat loss —2.08420261 [—4.28, —0.02] 0.12 [0.01, 0.98]
Increase: birds 1.07234131 [—0.94, 3.11] 2.92 [0.39, 22.52]
Increase: other (insects, mammals, amphibians) 0.52594645 [—1.81,2.91] 1.69 [0.16, 18.43]
Increase: soundscape 0.93322465 [—1.11, 3.01] 2.54 [0.33, 20.33]
Increase: (forest management, removal of invasive 1.16572381 [—0.96, 3.36] 3.21 [0.38, 28.84]

species and reforestation)
Increase: fragmentation 0.32952514 [—1.57,2.28] 1.39 [0.21, 9.77]
Increase: other (logging and deforestation) —0.66473995 [—2.60, 1.26] 0.51 [0.07, 3.53]
Increase: other (natural phenomena, growth of invasive —0.47453055 [—2.61, 1.65] 0.62 [0.07, 5.22]

species, industrial disturbance)
Increase: Other (restoration of mines, regrowth/regeneration) 0.86392699 [—1.71, 3.47] 2.37 [0.18, 32.06]
Increase: prescribed fire 0.04267554 [—2.33,2.47] 1.04 [0.10, 11.86]
Increase: urbanisation and infrastructure development 0.49797854 [—1.32, 2.34] 1.65 [0.27, 10.34]
Increase: wildfire —0.08185767 [—2.21, 2.12] 0.92 [0.11, 8.32]
Increase: ACI and complexity 0.73744978 [—1.58, 3.09] 2.09 [0.21, 22.01]
Increase: activity —0.56507853 [—2.15, 1.04] 0.57 [0.12, 2.84]
Increase: ADI, diversity and richness —0.32924761 [—1.95, 1.22] 0.72 [0.14, 3.38]
Increase: BI —0.37201629 [—2.80, 2.04] 0.69 [0.06, 7.68]
Increase: composition —0.53276200 [—2.69, 1.67] 0.59 [0.07, 5.29]
Increase: occupancy 0.07546923 [—1.90, 2.05] 1.08 [0.15, 7.76]
Increase: other (AEI, NDSI, H) 0.83444630 [—1.63, 3.34] 2.30 [0.20, 28.21]
Increase: soundscape saturation 0.57854042 [—1.87, 3.13] 1.78 [0.15, 22.82]
Increase: habitat loss: birds —0.55794064 [—2.73, 1.62] 0.57 [0.07, 5.04]
Increase: habitat loss: other (insects, mammals, amphibians) —0.17539497 [—2.59, 2.33] 0.84 [0.07, 10.30]
Increase: habitat loss: soundscape —0.34907943 [—2.52, 1.84] 0.71 [0.08, 6.31]

*Note: indicates 95% credible interval excludes zero (log—odds) or one (OR).

scaling, principal component analysis, multi-species occupancy
model, and acoustic space occupancy model (n = 149, 80%).

Use of Acoustic Indices

Of the 187 studies, 29 (15%) used multiple acoustic indices to
analyze the ecoacoustic data. Few studies (n = 9, 5%) only used
a single type of acoustic index in their analysis.

Studies that used acoustic indices mostly used the ACI, fol-
lowed by the ADI and NDSI (Fig. 5).

Relationship Between Animal Communities and Ecosystem
Alteration

Most studies (n = 136, 72.7%) evidenced an association
between acoustic animal communities and ecosystem quality,
whereby the communities were negatively impacted by a reduc-
tion in ecosystem quality (due to habitat loss) and positively
impacted by an improvement in ecosystem quality (due to
restoration). The meta-analysis revealed that habitat loss was
associated with lower odds of an increase in animal response
(Table 1), while habitat gain increased the likelihood of an
increase in animal response (Table 2).

Thirty-five studies reported species-specific responses to hab-
itat change; some species increased in response to habitat loss,
while others declined (Fig. 6). However, our meta-analysis

showed that soundscape responses exhibited marginally higher
odds of decrease, suggesting increased vulnerability to habitat
loss (Table 1), while birds showed slightly reduced odds of
increase, indicating potential sensitivity (Table 2). These results
were not statistically significant. Researchers observed no
changes in the characteristics of animal communities in 14 stud-
ies conducted in various environments (Fig. 6). For example,
researchers studied bats using ecoacoustic methodologies with
no evidence of a difference between logged and non-logged for-
ests (Cistrone et al. 2015) and in forested ecosystems with and
without non-native plants (Mark et al. 2024).

Discussion

This systematic review presents several critical findings regarding
the current state of research in ecoacoustic monitoring of ecosystem
degradation and restoration, highlighting the breadth of published
studies and the significant gaps that warrant further investigation.
Moreover, it underscores the increasing utilization of ecoacoustics
in research, reflecting a growing interest and advancements in
ecoacoustic techniques across multiple disciplines.

The geographic distribution of studies employing eco-
acoustics illustrates their wide use and significance in various
ecosystems, though it also reveals significant geographic biases tied
to socioeconomic and geopolitical disparities (Petersen 2021).
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Figure 3. Animal taxa and soundscapes studied using different ecoacoustic methods.

Countries such as the United States and the United Kingdom dem-
onstrate broad applicability and importance in research activity,
reflecting their robust funding mechanisms, advanced technologi-
cal infrastructure, and well-established scientific networks
(Petersen 2021; Asubiaro et al. 2024). In contrast, while Brazil con-
tributes substantially, driven by its exceptional biodiversity and his-
torical research investment, its recent science budget cuts highlight
how financial instability can threaten long-term research capacity
(Magnusson et al. 2018; Quintans-Janior et al. 2020).

The small number of African studies is concerning, as many
nations face chronically low research investment, regional con-
flicts, and economic systems where local currency weakness
multiplies equipment and collaboration costs (Abdulai &
Issahaku 2024; Asubiaro et al. 2024; Fuseini et al. 2024). Many
of these regions are biodiversity hotspots with high endemism
(e.g. Madagascar), experiencing rapid ecosystem change,
but often lack sufficient research resources, presenting an
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opportunity for targeted studies utilizing ecoacoustics (Droge
et al. 2021). Global research dynamics, where Northern Hemi-
sphere institutions frequently set agendas and control funding
streams, potentially divert attention from regionally urgent eco-
logical questions, further amplify these disparities (Boampong
et al. 2024; Fuseini et al. 2024).

The convergence of acute research gaps, exceptional biodi-
versity, and urgent threats makes Africa the highest-priority
region for immediate ecoacoustic research investment. The sec-
ondary focus should address Asia and Australia to ensure com-
prehensive global coverage. Implementing these priorities will
simultaneously advance ecological understanding, conservation
efficacy, and equity in scientific practice. Addressing these ineq-
uities will require intentional strategies, including equitable
funding partnerships, technology transfer programs, and cost-
optimized methodologies tailored to low-resource research con-
texts (Bezeng et al. 2025).
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Figure 4. Number of ecoacoustic studies assessing community and population-level characteristics.
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Figure 5. Types of acoustic indices used in different studies.

Use of Ecoacoustics in Assessing Ecosystem Degradation and
Restoration

This review underscores the pivotal role of ecoacoustic
approaches in monitoring changes in ecosystem health and bio-
diversity. While context-dependent, the results show sounds-
capes’ composition and dynamics are sensitive to ecosystem
changes and provide an early warning system for
ecosystem degradation and hence biodiversity loss, as well as
track the restoration of biodiversity and ecosystem function over
time (Robinson et al. 2023; Venier et al. 2024). This sensitivity
allows researchers to detect biodiversity and ecosystem func-
tionality, providing insights into the impacts of ecosystem
change on wildlife populations, hence tools for conservationists
and ecologists (Rappaport et al. 2022; Teixeira et al. 2024). The
ability of ecoacoustic methods to capture ecological interactions
and species presence makes them valuable tools for conserva-
tionists and ecologists (Napier et al. 2024).

Our findings demonstrate that ecoacoustic monitoring can
effectively track restoration. Yet, existing literature heavily
favors habitat loss over restoration. This highlights a critical
need for more ecoacoustic research on ecosystem restoration
and its biodiversity impacts.

Ecoacoustic Approaches Used in Monitoring the Impact of
Ecosystem Change on Animals

Ecoacoustic monitoring, specifically PAM, has grown signifi-
cantly in the past two decades as a primary approach for evalu-
ating animal characteristics. MAMs allow researchers to link
the acoustic recordings to visual data from the surveys, enabling
direct linking of sounds to taxa identity (Fuentes-Montemayor
etal. 2011; Li & Kalcounis-Rueppell 2018). However, its preci-
sion depends on the taxa: while effective for visually identifiable
species like birds, it faces challenges for neotropical bats,
amphibians, and some birds due to overlapping call characteris-
tics in field conditions (Russo et al. 2018; van Merriénboer

o -
IIIIIIIIII

10 20 30
Number of studies

et al. 2024). For these groups, combining MAM with methods
like environmental DNA and mist-net trapping improves accu-
racy (Mancini et al. 2022; Mulvaney et al. 2023). Although
MAM enables direct observation, common limitations include
human effort, shorter deployment times, and potential biases in
sampling and identification due to call overlap and flight pat-
terns (Yoh et al. 2020). The limitations may lead to misinterpret-
ing ecological data, reinforcing the significance of PAM as a
robust alternative. Integrating PAM into ecological studies has
significantly simplified collecting large amounts of ecoacoustic
data, which can be analyzed to infer biodiversity patterns and
species interactions within and across different ecosystems
(Sueur et al. 2014; Buxton et al. 2018). This capability is valu-
able in monitoring ecosystem degradation and restoration, as
PAM provides insights into the temporal and spatial variations
of sounds in an ecosystem (Gibb et al. 2019).

With the ongoing advancement of technological innovations,
the adoption of PAM is likely to grow significantly, potentially
replacing traditional methods of species monitoring, especially
in remote areas where implementing traditional monitoring
methods can be more challenging. Automated sound recogni-
tion techniques present significant potential for improving the
efficiency of PAM; however, their effective application largely
depends upon the existence of extensive and regionally tailored
acoustic libraries (Sugai et al. 2018; Gibb et al. 2019). In biodi-
verse regions like the Neotropics, reliable automated identifica-
tion remains challenging due to insufficient reference data and
overlapping vocal signatures among species (Walters
et al. 2013). A foundational strategy involves building robust ref-
erence libraries through manual validation and taxonomic exper-
tise, which is crucial before the effective application of
automation can take place (de Jong et al. 2025). Integrating auto-
mated sound recognition and classification methods into PAM
will streamline data analysis and facilitate real-time monitoring,
allowing policymakers to respond more rapidly to ecological
changes.
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Figure 6. Predicted probability of animal response by habitat change and taxa.

Use of Ecoacoustic Tools in Characterizing Animal Communities
in Changing Ecosystems

The findings here provide insights into the methodologies for
assessing animal populations, particularly in changing ecosys-
tems. While most taxa exhibited similar responses to habitat loss
(decline with habitat loss), soundscapes and birds showed tenta-
tive signs of differential effects. Soundscapes and birds
appeared more vulnerable to habitat loss. These nuances under-
score the importance of taxonomic variation in habitat impact
assessments, as not all species respond uniformly to ecosystem
alterations. For example, ecosystem degradation affects taxa
and species differently, with some species experiencing severe
declines while others may adapt or thrive (Alvarez-Berrios
et al. 2016; Steel et al. 2019). Integrating diverse taxa and their
acoustic environments provides a more comprehensive
approach to understanding ecological relationships and commu-
nity dynamics in changing ecosystems (Holgate et al. 2021;
Lisboa et al. 2021). The increasing awareness of the necessity
to combine community and population perspectives in studying
ecosystem dynamics reflects a growing acceptance of holistic
approaches in ecological research (Vilches-Pifiones et al. 2022).

The review suggests that different responses to varied taxa
can be effectively detected by ecoacoustic methods, enabling a
nuanced approach to understanding the effects of ecosystem
degradation (Alvarez-Berrios et al. 2016; Shonfield &
Bayne 2023). This review shows that the primary focus of ecoa-
coustic ecosystem monitoring has been comprehending ecolog-
ical changes at the community level rather than assessing
specific species. Expanding the use of these approaches in future
research endeavors, e.g. by incorporating soil ecoacoustics, is

critical to closing the knowledge gap about how ecosystem
changes affect belowground biodiversity and ecosystem func-
tion (Robinson et al. 2024).

The Use of Acoustic Indices to Characterize Populations and
Communities

Integrating acoustic indices into ecological assessments offers a
cost-effective method for monitoring biodiversity changes over
time (Metcalf et al. 2021; Bradfer-Lawrence et al. 2024). Yet
their application in degradation and restoration studies remains
limited, likely due to methodological unfamiliarity or interpret-
ability concerns. While a single index provides valuable
insights, relying solely on one can limit the scope of ecological
assessments. This review demonstrates that studies commonly
employ multiple indices, offering a deeper understanding of
soundscape dynamics and ecosystem complexity, underscoring
the need for researchers to embrace this complexity and address
inconsistencies (Buxton et al. 2018; Gomez et al. 2018). To keep
up with advancements in ecoacoustic monitoring, researchers
must acknowledge metric complexity and address current
inconsistencies.

Our review highlights a lack of consistency in using acoustic
indices. The use of the ACI in most studies indicates that the
index serves as a dependable indicator for biodiversity and
may efficiently track changes in the ecosystem (Holgate
et al. 2021; Bateman & Uzal 2022). Conflicting findings
(Alcocer et al. 2022) highlight a critical need for standardized
ecoacoustic analysis to improve ecological research reliability
and comparability (Bradfer-Lawrence et al. 2019; Metcalf
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et al. 2023). To advance ecoacoustics and enhance biodiversity
assessments, adopting a multi-index approach can help address
the complexity and variability of acoustic metrics, improving
the reliability and comparability of ecological research.

Despite the growing use of acoustic indices, they face sig-
nificant limitations in reliability and ecological interpretation
(Alcocer et al. 2022). Their oversimplification of soundscapes
into single metrics often fails to capture meaningful ecological
patterns (Eldridge 2021; Bradfer-Lawrence et al. 2023). For
example, Bradfer-Lawrence et al. (2023) isolated technical
(e.g. audio compression) and biological biases (e.g. dominant
vocal species) that distort indices independently of true diver-
sity. Environmental noise, such as broadband rainfall, can
further mimic biotic activity, risking misinterpretation without
proper validation (Fuller et al. 2015; Bradfer-Lawrence
et al. 2024). Further, widespread pseudoreplication issues
and observed declines in effect sizes over time suggest that
many studies may have overestimated these indices’ effective-
ness (Alcocer et al. 2022). Collectively, these findings high-
light the need for wvalidation, standardization, and
complementary methods for reliable results.

Limitations of the Evidence Included in the Review

Several limitations in the included studies may significantly
impact the validity and applicability of their findings. Short
study duration and ineffective recording of temporal fluctuations
in species’ presence and behavior limit the ability to capture sea-
sonal variability and responses to habitat loss (Lopez-Bosch
et al. 2022). While single-season sampling designs are method-
ologically valid for studies targeting specific research questions
(e.g. peak breeding activity; Pillay et al. 2019), they inherently
limit the detection of temporal ecological dynamics. Where tem-
poral resolution is critical but logistically challenging, PAM
with intermittent deployment (e.g. 1 week per season) can offer
a feasible compromise (Metcalf et al. 2023).

Short-term studies can still provide valuable information, par-
ticularly for immediate responses to disturbances such as fires or
local anthropogenic impacts (Sugai et al. 2018; Rowley
et al. 2024). However, longer monitoring periods—spanning
seasons or years—are essential to assess ecosystem recovery
fully (Bradfer-Lawrence et al. 2023). Aligning study duration
with research objectives and resource constraints enhances the
reliability of findings and supports more effective restoration
and management strategies.

Ecoacoustic monitoring records vocal species, potentially
underrepresenting non-vocal species or those with limited vocal
activity, hence skewing biodiversity assessment (Alvarez-Ber-
rios et al. 2016). The absence of baseline data for comparison
further complicates interpretation, as increases in species rich-
ness or abundance could stem from natural fluctuations rather
than restoration success (Green et al. 2020). In such cases, com-
parisons with nearby control areas, which are ecologically sim-
ilar, unrestored sites can provide useful context by allowing
for strong causal inference (Ramesh et al. 2023; Reading
et al. 2025).

Limitations of Our Review

Systematic reviews have noticeable limitations. Publication
bias, where studies with positive or significant results are more
likely to be published than those with negative or inconclusive
findings. In our review, few publications reported no influence
of ecosystem degradation or restoration on animal species. This
bias can skew the overall understanding of the effectiveness of
ecoacoustic monitoring and its applications in different ecosys-
tems, leading to misguided conservation strategies and policy
decisions.

Our review excluded non-English publications and gray liter-
ature (e.g. theses), potentially omitting regionally important data
(Hannah et al. 2024). Future studies should incorporate multilin-
gual sources and institutional repositories to reduce bias.

Recommendations

This review highlights several critical considerations and action-
able recommendations for practitioners in ecosystem monitor-
ing and restoration:

¢ Implement further investigation into how ecoacoustic monitor-
ing can evaluate ecosystem restoration and its implications for
biodiversity crucial for guiding practical restoration efforts.

¢ Creating and strengthening acoustic libraries and sharing
acoustic data among researchers to improve autonomous
identification.

* Integrate automated sound recognition and classification into
PAM, as this is key to enhancing data analysis, enabling real-
time monitoring, and facilitating more timely responses to
ecological changes by policymakers.

* Consider a multi-taxa approach when monitoring ecosystems
using ecoacoustic methodologies to provide a more complete
picture of ecosystem health.

¢ Use multiple acoustic indices and adapt methods to capture
the complexity of biological systems, improve ecological
assessments, and gain a better understanding of the sound-
scape and its ecological implications.

* Use consistent temporal and spatial sampling to improve
comparability of ecoacoustic assessments and ensure more
reliable conclusions on ecosystem management and restora-
tion. Complement ecoacoustic monitoring with other
methods to account for non-vocal species or those with lim-
ited vocal activity to reduce taxonomic bias and provide a
more accurate measure of biodiversity.

* Integrate soil and freshwater ecoacoustics alongside tradi-
tional aboveground monitoring to understand ecosystem
health holistically.

* Develop standardized methods in ecoacoustic analysis to
ensure that ecological research is reliable and comparable
across different studies, enhancing the overall credibility of
monitoring efforts.
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