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Introduction 
 
Conservation practitioners and policymakers need to make informed, evidence-based decisions to improve 
the state of nature. Effective biodiversity monitoring is central to this effort, yet it is still constrained by data 
gaps, methodological inconsistencies, limited resources and uneven geographic coverage (Hughes et al., 
2021; Stephenson et al., 2022). A suite of technological tools is rapidly expanding what monitoring can 
achieve: in particular, acoustic recording devices, environmental DNA, satellite-based remote sensing (SRS) 
and camera trapping now offer complementary and scalable approaches for tracking biodiversity change 
across taxa and ecosystems (Stephenson, 2020). The IUCN SSC Species Monitoring Specialist Group 
(https://www.species monitoring.org/) is therefore striving to provide guidance to data collectors and users 
across sectors on how to further develop and apply these key technologies. This report was prepared for 
the Specialist Group to inform that work by providing a rapid assessment of the current priorities and 
recommendations emerging from the recent literature across the four technological tools.  
  
 

Methods 
 
The literature review was conducted between September 2024 and January 2025 using Google Scholar and 
DOAJ as databases. It began with a general search without Boolean operators to identify articles that, while 
not explicitly focused on recommendations or priorities, provided relevant insights within their discussions 
or conclusions. The search was then refined using Boolean operators and specific keywords such as 'priority' 
and 'improve' to target articles directly addressing these themes.  
 
The review focused on studies published from 2020 onward (with the exception of eDNA-related studies, 
where key articles from 2019 were included) and did not impose restrictions on country of origin or journal 
of publication. The results were sorted by relevance and a maximum of 20 papers (the first two pages of 
search results) were consulted per search query to ensure this was a concise and focused review.  
 
The following key words were used for the search:  

• Acoustics: “acoustics”, “bioacoustics”, “species monitoring”, “biodiversity monitoring” → Refined 
search: "acoustics" OR "“bioacoustics” AND "species monitoring" OR "biodiversity monitoring" AND 
"improve" OR "priority" 

• eDNA: “eDNA", "environmental DNA", "monitoring” → Refined search: "eDNA" OR “environmental 
DNA” AND "species monitoring" OR "biodiversity monitoring" AND "improve" OR "priority" 

• Remote satellite sensing: "biodiversity monitoring", “remote sensing”, "satellite data", “species 
monitoring”, “SRS biodiversity monitoring” → Refined search: "biodiversity monitoring" OR "species 
monitoring" AND “remote sensing” OR "satellite data" OR “SRS" AND "improve" OR "priority" 

• Camera: “cameras” OR "camera traps" OR “camera-trapping" AND "monitoring" AND "biodiversity" 
OR "species" "improve" OR "recommendations". 

 
From the results, 2-4 issues were identified for each tool that should be considered by the Species 
Monitoring Specialist as priorities to address in their guidance materials.  

 
 

  

https://www.speciesmonitoring.org/
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Results: Biodiversity Monitoring Tools  
 
An introduction to each tool and some of its main pros and cons can be found in previous reviews (e.g., 
Stephenson, 2020; Zwerts, et al., 2021). Here we dive straight into some of the key recommendations 
emerging from the literature on how to improve or expand their use.  
 

1. Acoustic recording devices 
 
Three main issues were identified in improving the use of acoustic recording devices for monitoring vocal 
species.  
 
Refining analytical tools and survey design 
Improving the accuracy and applicability of passive acoustic monitoring (PAM) depends on refining both 
analytical tools and survey design. Single indices like the Acoustic Complexity Index (ACI) can be unreliable 
under certain conditions, for example in the presence of broadband noise. As a result, combining multiple 
indices (e.g. ACI and Acoustic Entropy Index) and accounting for environmental factors such as vegetation 
density and sound detection radius can improve the robustness of biodiversity and soundscape assessments 
(Holgate et al., 2021). These approaches should also be supported by ground-truthing using conventional 
field methods to validate acoustic indicators and ensure accuracy. Machine learning tools such as BirdNET 
provide scalable options for automated species identification, while unsupervised learning techniques are 
increasingly promising for detecting broader ecological patterns such as connectivity and historical 
contingency without requiring labelled data (Teixeira et al., 2024; Nieto-Mora et al., 2023).  

Effective implementation, however, depends on broader monitoring design, including question-
driven frameworks, permanent data repositories and cloud-based storage systems to manage large acoustic 
datasets. Recording schedules should be optimised to balance detection probability with equipment costs, 
while multi-index models incorporating site-specific variables can improve biodiversity predictions and 
should be further extended to underrepresented taxa such as anurans (Sugai et al., 2020; Allen-Ankins et 
al., 2023). 

 
Improving standardization and the use of best practices 
Improving the reliability of PAM requires both context-sensitive protocols and robust data handling 
practices. Data consistency depends on standardized processing and analytical workflows. These include 
training species classifiers on large, representative datasets while avoiding overfitting, maintaining 
consistent spectrogram parameters and using balanced sampling strategies to minimize bias (e.g. from duty-
cycling) (Oswald et al., 2022). Reliable interpretation further requires validation through field observations 
or verified call libraries, as well as careful consideration of detection probability when interpreting 
biodiversity indices. Clear documentation and transparency in analytical choices are also essential to ensure 
reproducibility and scientific robustness (Oswald et al., 2022). 

Collaborative planning with local communities and interdisciplinary partners, along with early 
identification of vocally active species, can improve survey efficiency and integrate valuable traditional 
ecological knowledge (Wood et al., 2023; Metcalf et al., 2023).  

 
Using acoustic community monitoring as an ecological indicator 
Community bioacoustics offers a promising framework for assessing ecological impacts of anthropogenic 
change by analysing shifts in entire acoustic communities across taxa and scales. Improving detection by 
accounting for false absences, integrating visual surveys and conducting playback experiments can refine 
occupancy models. When applied consistently, acoustic community monitoring can provide early warning 
signals of ecological change and support conservation decision-making (Chhaya et al., 2021). 

 



3 
 

Integrating passive acoustic monitoring with other field methods  
PAM is effective for many terrestrial and vocal vertebrates, but it does not capture all components of 
biodiversity. Combining PAM with observer-based methods is therefore important for more complete 
community assessments. Since detection varies across taxonomic groups, further studies are needed on 
non-flying and vocal mammals. Continuous recordings supported with manual validation remain important 
can further improve data quality while maintaining cost-effectiveness (Hoefer et al., 2023). Integrating 
acoustic data with occupancy modelling also provides a powerful framework for tracking population trends 
and assessing environmental change and management impacts (Abrahams & Geary, 2020). 

Insect monitoring is a good example of the need for integration. Emerging technologies for insect 
monitoring such as PAM, molecular methods, computer vision, and radar-based remote sensing, provide 
unprecedented potential for enhancing taxonomic and spatio-temporal resolution (van Klink et al., 2024). 
Realising this potential depends on improved integration of datasets through standardized methodologies, 
metadata protocols and interoperable data-sharing frameworks, as well as continued expansion of reference 
libraries for DNA, images and acoustic signals. However, while automation and multi-sensor networks can 
improve efficiency and scale, targeted traditional sampling remains necessary for rare and elusive species 
that are difficult to detect through automated approaches alone (van Klink et al., 2024). 

 

Case study – aquatic soundscapes 
Sources: Greenhalgh et al., 2020; Turlington et al., 2024 
Aquatic soundscape monitoring remains underdeveloped, particularly the integration of above- and 
below-water recordings. Although aquatic research often includes both water column and riparian 
zones, studies rarely monitor these soundscapes simultaneously due to differing acoustic properties 
and equipment requirements, such as terrestrial microphones versus underwater hydrophones. 
Simultaneous monitoring across these ecotones is essential to better assess ecosystem health and 
anthropogenic impacts. In freshwater systems specifically, emerging research emphasizes the need 
to broaden acoustic monitoring to include taxa like arthropods and to refine analytical methods 
tailored to freshwater environments. Collaborations with physicists to model sound propagation 
and detect particle velocity can further enhance the ecological relevance of freshwater soundscape 
data.  

 
2. Environmental DNA 
 
Standardization of protocols and assays 
Improving the reliability and comparability of environmental DNA (eDNA) and environmental RNA (eRNA) 
data requires greater standardization of sample collection, molecular methods, protocols across laboratories 
and quality control procedures (Mathieu et al., 2020; Veilleux et al., 2021). Standardization could be 
supported through best-practice frameworks. For example, those developed for qPCR-based assays, 
alongside expanded mitochondrial genome sequencing across taxa to improve the development of taxon-
specific primers and probes (Langlois et al., 2021).  

At the same time, major challenges remain in interpreting eDNA signals. Uncertainty can carry 
through the entire workflow, particularly during bioinformatics processing, while limited understanding of 
how long signals persist and how much they vary across space and time further complicates ecological 
interpretation. Pilot studies, hierarchical occupancy models and comparisons with field observations can help 
improve detection reliability, reduce false positives and strengthen ecological conclusions (Mathieu et al., 
2020). More effective use of eDNA and eRNA will also depend on stronger ecological baselines and continued 
validation alongside established monitoring approaches (explored below), selecting suitable reference sites 
to establish ecological baselines and identifying reliable bioindicator species as understanding of eRNA 
detectability continues to develop (Veilleux et al., 2021). 
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Enhancement of reference databases 
Accurate taxonomic assignment in eDNA studies still relies heavily on the quality and coverage of reference 
databases. Expanding these databases, especially for data-poor regions such as the tropics and 
underrepresented taxa like bryophytes and pteridophytes, would improve species detection and taxonomic 
resolution (Banerjee et al., 2022; Mathieu et al., 2020). This will also require better optimisation of target 
gene regions across taxonomic groups, as marker performance can vary considerably between taxa. 
Continued validation of existing markers with the development of new short-read primers, could also 
strengthen the use of eDNA for biodiversity assessment (Othman et al., 2021). 

 
Assay development and marker validation 
Environmental DNA and eRNA techniques are expanding the spatial and temporal scale at which biodiversity 
can be monitored, with eRNA also showing potential to reveal functional changes in organisms and 
ecosystems. However, successful application depends on robust assay development that produces high 
detectability and specificity. These nucleic acid-based methods already show strong potential for monitoring 
fish and aquatic invertebrate communities, with growing applications in water quality assessment and species 
detection (Veilleux et al., 2021). 

As these methods become more widely used, ecological assessment frameworks will need to better 
integrate molecular data alongside traditional monitoring approaches across environmental gradients. 
Reliable data will also depend on stronger eDNA collection and extraction protocols, especially where DNA 
degradation may affect results. Lastly, improving our understanding of how eDNA persists and disperses 
through ecosystems would further improve confidence in abundance and richness estimates (Ruppert et al., 
2019). 

 
Development of accessible and field-deployable eDNA approaches 
Expanding the use of eDNA monitoring in regions with limited infrastructure, specifically in areas where food 
security is a concern, will depend on low-cost and field-deployable methods such as loop-mediated 
isothermal amplification (LAMP) assays. These approaches enable detection of target species without the 
need for advanced laboratory equipment, supporting more equitable access to biodiversity monitoring tools 
(Kestel et al., 2022). Citizen science initiatives using commercial eDNA kits can also extend sampling coverage, 
especially when combined with user-friendly tools for data visualisation and interpretation. This can broaden 
participation in biodiversity monitoring and support wider conservation and management efforts (Ruppert et 
al., 2019). 

 
Integration with traditional methods 
Integrating eDNA metabarcoding with traditional biodiversity surveys can provide a more comprehensive 
picture of ecosystems. Traditional methods are often cheaper and methodologically straightforward while 
eDNA approaches provide non-destructive, high-resolution detection capabilities. Coupling both approaches 
helps leverage their respective strengths and can improve the monitoring of plant and animal biodiversity 
(Banerjee et al., 2022; Veilleux et al., 2021). 

 
Case study – monitoring pondlife  
Source: Harper et al., 2019 
eDNA analysis offers a rapid, non-invasive and cost-efficient tool for biodiversity monitoring in diverse 
yet understudied freshwater pond ecosystems. Key recommendations for increasing its use include: 
standardization of methods to incorporate existing guidelines and eDNA minimum reporting 
standards to ensure consistency across studies; the use of multiple genetic markers and improved 
primer design to reduce amplification bias in community-level assessments; and avoiding bias on 
abundance and richness estimates by taking account of environmental factors influencing eDNA 
release and degradation, including temperature, UV exposure and water chemistry. 
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3. Satellite-based Remote Sensing 
 
Combining complementary remote sensing datasets 
A major priority for SRS is the integration of complementary sensor systems to improve representation of 
biodiversity patterns. Combining spectral imagery with LiDAR and radar data can improve characterisation of 
vegetation structure, phenology, biomass and canopy complexity (Reddy et al., 2021). The increasing 
availability of hyperspectral, hyperspatial and hypertemporal observations also creates new opportunities for 
biodiversity assessment across spatial and temporal scales, although access to very high-resolution datasets 
remains uneven. For example, in the case of invasive alien species (IAS), inadequate spatial, spectral and 
temporal resolution of available datasets can be a major limitation in the accuracy of detecting IAS, especially 
in heterogeneous ecosystems. This can be remedied through hyperspectral imagery and UAV-based sensors, 
which offer strong potential for identifying invasive plants when paired with machine learning and in-situ 
observations (Saranya et al., 2024). Forest biodiversity monitoring is also moving toward greater use of 
combined remote sensing datasets (Kacic & Kuenzer, 2022). Spectral information paired with LiDAR-derived 
structural data can better capture representation of canopy complexity, biomass, foliage structure and forest 
heterogeneity across tropical and temperate systems. Incorporating SAR data from missions such as Sentinel-
1, BIOMASS, and NISAR may also sharpen detection of structural variation linked to biodiversity patterns. 

 
Advancing analytical methods and products for biodiversity assessment 
The complexity of biodiversity metrics and indicators highlights the need for more sophisticated analytical 
approaches capable of handling ecological variability across ecosystems and scales. Machine learning and 
artificial intelligence are increasingly used to process large remote sensing datasets and improve biodiversity 
modelling. However, model performance is still sensitive to ecological context and the quality of calibration 
data, especially when transferred across regions (Kerry et al., 2022). Recent studies also highlight the potential 
of deep learning for modelling species and structural diversity across heterogeneous forest landscapes, but 
little attention has been given to how well these models transfer across forest types and management 
intensities, which still limits broader application (Hoffmann et al., 2022). Using seasonal remote sensing data 
alongside structural diversity metrics may improve biodiversity predictions, especially where structural 
heterogeneity acts as a proxy for species diversity.  

Recent advances in SRS open up promising avenues to enhance terrestrial biodiversity monitoring in 
line with the Kunming-Montreal Global Biodiversity Framework (GBF). Two priority directions stand out 
(Timmermans & Kissling, 2023). The first is refining existing SRS products (above-ground biomass, ecosystem 
fragmentation, vegetation cover fraction, and land cover) by harmonizing ecosystem taxonomies and 
increasing thematic detail, so that maps can meaningfully distinguish between habitat types rather than 
lumping them into broad categories. The second is developing entirely new SRS products that capture plant 
physiology and primary productivity traits (leaf area index, chlorophyll content, foliar nutrient concentrations, 
carbon cycling) using deep learning, radiative transfer models and multi-sensor integration. 

 
Improving the monitoring of marine ecosystems 
Barriers persist for using SRS for marine biodiversity monitoring due to complex bio-optical signals, poor signal 
retrieval and limitations in current algorithms. Drawing on the framework of the Marine Biodiversity 
Observation Network (MBON), Kavanaugh et al. (2021) identify four priorities for strengthening marine 
remote sensing. Preparing for upcoming hyperspectral sensors, particularly NASA's PACE and SBG missions, 
will open new possibilities for detecting marine biodiversity patterns at finer taxonomic resolution. Pairing 
these advanced technologies with ecological theory and grounding them in traditional methods like net tows, 
microscopy and pigment analyses, can broaden synoptic coverage across multiple trophic levels. Expanding 
spatiotemporal resolution through multi-satellite and in-situ platforms, including the growing deployment of 
unoccupied aerial systems (UASs) in coastal zones, adds further flexibility. Collectively, these advances should 
feed into regional and global biodiversity indicators that can meaningfully inform marine ecosystem 
management.  

Complete species inventories are often unrealistic in marine biomes so should be scaled to sampling 
effort and complemented by spatial suitability modelling. Monitoring should therefore prioritise key habitats, 
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conspicuous species, and indicator taxa, using ecological indices and descriptor species to assess 
environmental status (Bianchi et al., 2022). 
 

Integrating remote sensing with field-based observations 
SRS is becoming a critical tool for biodiversity monitoring, and even more so when combined with 
complementary technologies such as GIS, UAVs, AI and molecular methods. These tools support a more 
integrated view of ecosystems and have expanded the capacity to track ecological change across large spatial 
extents (Kerry et al., 2022). But field observations are still important for interpreting and validating remotely 
sensed biodiversity indicators. Spatially explicit vegetation inventories and ecological surveys help strengthen 
links between satellite-derived proxies and ecological conditions on the ground (Reddy et al., 2021). More 
integrated monitoring frameworks that combine remote sensing with GIS, AI, and field- or molecular-based 
approaches may also improve biodiversity assessment across spatial scales (Kerry et al., 2022). 
 

Case study – monitoring rewilding 
Source: Pettorelli & Bühne, 2023 
SRS offers valuable opportunities to fill critical knowledge and data gaps in rewilding science (Table 
1). However, effectively interpreting and applying satellite data requires close integration of in situ 
knowledge from local stakeholders and expertise from multiple disciplines. Building such 
interdisciplinary collaborations is not straightforward. It takes time, mutual understanding and shared 
reference frameworks, but dedicated networks connecting rewilding practitioners, policy makers and 
remote sensing experts can help bridge that gap. 
 
Table 1. Examples of how SRS can support biodiversity monitoring in rewilded sites, across species, 
ecosystem and combined levels of ecological organisation. Adapted from Pettorelli & Bühne (2023). 
 

Level Aspect of rewilding being monitored Opportunities for SRS 

Species Species occurrence, behaviour and 
performance 

Monitoring invasive plant species distribution; using 
species distribution models informed by remote 
sensing variables to predict species distributions at 
large spatial scales 

Habitat distribution and conditions 
(e.g. food and shelter) 

Providing continuous spatial and temporal 
information on habitat availability and quality 

Species interactions Mapping hotspots of species interactions by 
combining species habitat maps 

Ecosystem Distribution and condition of 
ecosystems 

Providing continuous spatial and temporal 
information on ecosystem distribution and condition 

Ecosystem functioning (e.g. primary 
productivity) 

Tracking changes in ecosystem functions using 
established indicators 

Combined Movement and dispersal of single or 
multiple species 

Wall-to-wall connectivity mapping 

Impact of species on ecosystem 
processes or structure 

Scaling up site-level knowledge of species impacts 
for whole-landscape assessments 

 
4. Camera trapping  
 
Standardizing protocols and ensuring broader geographic coverage of data 
collection 
The ongoing collection and sharing of camera trap data can be a powerful tool for biodiversity monitoring, 
especially for detecting elusive or rare species that often evade human observation, or for sampling remote 
regions over extended periods (Zwerts et al., 2021; Oliver et al. 2023). When combined with appropriate data-
sharing protocols that respect privacy and ensure proper attribution, camera trap data can provide crucial 
insights into biodiversity trends. Notably, camera trap data have significantly improved biodiversity coverage 
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in underrepresented regions such as South America, parts of Africa and eastern Asia, helping to reduce 
geographic biases in global biodiversity databases.  

Within Africa specifically, however, research effort skews heavily toward certain regions and taxa with 
most studies concentrated in South Africa and focused on large carnivores; highlighting the need for 
standardized protocols and broader geographic coverage across the continent (Cordier et al., 2022). This is 
particularly relevant to the Convention on Biological Diversity’s Global Biodiversity Framework, which calls 
for a more comprehensive and shared knowledge base and is particularly urgent for tropical countries with 
high but under-documented biodiversity. Given these strengths, camera trapping represents a key component 
in establishing long-term, semi-automated biodiversity monitoring programs in historically under-sampled 
areas (Oliver et al., 2023).  
 

Using citizen scientists and AI 
Scaling up camera trapping efforts globally will increasingly depend on citizen science. Several strategies for 
making large-scale, citizen-led monitoring programmes work in practice have been identified (Hsing et al. 
2022): real-time feedback sustains participant engagement and sharpens classification accuracy, partnerships 
with NGOs help recruit people already invested in wildlife monitoring, and library loan schemes for camera 
traps lower the equipment barrier for broader participation — with particular potential for engaging younger 
audiences and fostering a deeper connection to nature.  

Looking ahead, the most promising direction lies in combining crowdsourcing with artificial 
intelligence: AI can filter empty images and provide instant feedback to human classifiers, whose improved 
accuracy in turn produces richer training datasets for more powerful machine learning algorithms (Hsing et 
al. 2022). Open publication of camera-trapping datasets will be key to driving these advances forward and 
expanding the spatial and temporal reach of mammal monitoring globally. 

 
Integration with other methods 
Key decisions in designing camera trap surveys include determining sample size, sampling effort, optimal 
survey period, camera density and placement, and overall budget. Studies recommend deploying cameras 
for short periods before relocating them to maximise spatial coverage, particularly when equipment is 
limited, and pairing camera traps with complementary methods like direct observation and sign surveys to 
boost detection probability for rarer species (Lamelas-López and Salgado, 2021; Zwerts et al., 2021). 

 
Case study – monitoring urban areas 
Source: Herrera et al., 2021 
Urbanization is accelerating worldwide, fragmenting habitats and escalating human–wildlife conflicts. 
Yet urban wildlife research tends to cluster around large, intact green spaces like public parks, leaving 
the far more common degraded habitats of the urban matrix understudied. To address logistical 
challenges in studying wildlife in these areas, Herrera et al. (2021) propose a framework called the 
Five Ps of Urban Ecology to tackle the logistical barriers that come with camera trapping in these more 
complex environments:  

1. Partnerships: establishing collaborations with local institutions and residents facilitates 
access to diverse urban sites.  

2. Planning: using land cover and demographic data to stratify urban areas and ensure camera 
traps are deployed where they will yield meaningful data. 

3. Placement: selecting sites thoughtfully to maximise detection rates while minimising 
disturbance to both wildlife and people. 

4. Public participation: engaging volunteers in camera deployment and photo processing 
boosts data collection and builds community awareness of urban wildlife. 

5. Processing: combining standardised software, multi-stage verification and AI-assisted species 
recognition to maintain data quality and prevent backlogs 
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Conclusions 
 
Several cross-cutting themes consistently emerge across all four monitoring tools.  

• Standardization of protocols and metadata remains one of the most frequently cited priorities; 
without it, data collected across sites, taxa and regions cannot be meaningfully compared or 
integrated.  

• The integration and combination of technological tools with traditional field methods also appears 
throughout the literature, reflecting a broader consensus that no single approach is sufficient on its 
own for all needs.  

• Machine learning and artificial intelligence are increasingly woven into each tool's development 
trajectory, from automated species identification in acoustics and camera trapping to predictive 
modelling in remote sensing and eDNA.  

• Additionally, citizen science offers a practical pathway to scaling up spatial and temporal coverage 
across all four approaches.  

• Addressing persistent geographic and taxonomic biases which leave tropical regions, invertebrates 
and freshwater ecosystems chronically underrepresented, cut across every tool and every 
ecosystem context reviewed here.  

 
Biodiversity monitoring is becoming more integrated, more automated and more globally ambitious. 
However, monitoring programmes will only deliver adequate data for decisionmakers through sustained 
investment in capacity building, open data sharing and interdisciplinary collaboration. 
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