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Abstract:  29 
In the face of rapid ecological decline, biodiversity information is essential for safeguarding life 30 
on Earth. Although this information is increasingly valued by governments, businesses, and other 31 
stakeholders, it remains insufficiently accessible and usable. Because the rarity and functions of 32 
biodiversity vary greatly across land- and seascapes, the global and local ecological and social 33 
significance of biodiversity change within and among regions can differ greatly. Measuring 34 
biodiversity at both scales is therefore critical for effective monitoring and conservation—an 35 
expectation embedded in global frameworks. We review the challenges and opportunities in 36 
biodiversity measurement, examining key users, producers, and use cases, and the role of 37 
emerging technologies. As catalysts for a more robust, efficient, and collaborative global 38 
measurement system we highlight Essential Biodiversity Variables (EBVs) as a flexible 39 
foundation to integrate across scales by linking local data into global significance assessments. 40 
EBVs also underpin indicators, geospatial data products, and an evolving ‘bag of metrics’ 41 
required by different users. We call for improved incentives and organization around thematic 42 
and regional networks to produce EBVs and structured end-to-end initiatives and workflows as a 43 
blueprint for the next phase of coordinated biodiversity measurement globally.     44 

 45 

Main text: 46 

Land- and seascapes worldwide are increasingly affected by human activities and are undergoing 47 
rapid change, resulting in declining ecosystem health and/or wholesale losses of species 48 
populations and the functioning ecosystems they support (1-4). These losses not only impact 49 
countless communities locally but also regionally and globally depending on a range of benefits 50 
that biodiversity provides (5). Biodiversity—defined in the Kunming-Montreal Global 51 
Biodiversity Framework (GBF) (6) as “the diversity of life at genetic, species and ecosystem 52 
levels, and the ecological and evolutionary processes that sustain it”—is the foundation of human 53 
well-being and a healthy planet. Some initiatives use the term “Nature” as a synonym for 54 
biodiversity. Biodiversity as mentioned in the GBF is essential to the well-being and prosperity 55 
of people, as well as to the planet’s life-support systems, since humanity depends on biodiversity 56 
for food, medicine, energy, clean air and water, protection from natural disasters, and cultural 57 
and recreational inspiration. The GBF (adopted under the United Nations Convention on 58 
Biological Diversity, CBD in 2022), recognizes these values and dependencies alongside a 59 
monitoring framework (7) that includes specific indicators for tracking both national and global 60 
progress toward defined biodiversity targets. 61 

The framework adoptions have accelerated and focused momentum among actors worldwide to 62 
advance measurement of the status and trends of biodiversity (8, 9). Biodiversity data collection 63 
and derived information products (biodiversity measurement) are central to a basic 64 
understanding of drivers and consequences of biodiversity loss, specifically under anthropogenic 65 



3 
 
 

change (10). They take on specific relevance for biodiversity management and conservation, and 66 
the associated shifting of financial flows to halt and reverse nature loss (11). Biodiversity 67 
measurements are needed by a large group of users who share many commonalities but also 68 
differ, not least in their geographic scope. Their interests include assessment of progress towards 69 
policy goals and targets, reporting to national and international bodies, legal compliance and 70 
tracking of business risks and dependencies across single or portfolios of locations. To address 71 
any of these use cases requires biodiversity status metrics to be integrable and comparable within 72 
and across scales, times, or domains, necessitating some form of standardization.  At present, 73 
despite important scientific advances and biodiversity observation activities, these needs are 74 
insufficiently met, and producers and consumers of biodiversity measurements remain 75 
ineffectually connected (12). Our review assesses the current state and opportunities around 76 
global production and use of biodiversity measurement. We set out to characterize the key 77 
innovations in data production and monitoring that allow explicit understanding of biodiversity 78 
significance and change, the central use cases for this information, and their respective scale 79 
dependence. The review thereby aims to show how lingering gaps within and between the 80 
producers and end users of biodiversity information can be closed. We identify ways forward 81 
that ensure all actors can rely on the scale-relevant biodiversity information they need to 82 
implement action to meet the goals and targets of the GBF.  83 

 84 

Measurement of biodiversity significance for conservation 85 

In contrast with climate change, where emissions (or sequestration) at all locations have equal 86 
impact on global greenhouse gas concentrations, the significance of biodiversity change is 87 
disproportionately concentrated in some parts of the world, with both local and global 88 
consequences arising from its loss. Recognition of this important issue of scale has implications 89 
for biodiversity measurement, how it is organized and coordinated, and used by networks of 90 
actors implementing conservation actions.  91 

While some local benefits of biodiversity might be restored with effective local action this is not 92 
the case for global extinctions of species and destruction of ecosystems, which are irreversible. 93 
Given our limited understanding of the web of life’s many connections, we may not fully know 94 
what the consequences of even just a few global biodiversity extinctions might be, now or in the 95 
future under different environmental scenarios.  96 

The enormous cost and uncertain success of any local species or ecosystem replacement and 97 
recovery means the deteriorating health of biodiversity is incurring immeasurable ecological debt 98 
now and for future generations. To recognize the importance of biodiversity, to adequately 99 
measure its status and trends and to ultimately support decisions that safeguard it, the 100 
consideration of relevant scales is critical.  101 
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Measurement reveals scales of biodiversity significance 102 

With some simplification, the biodiversity significance of any given place can be separated into 103 
two aspects (Fig 1). The first is the contribution biodiversity provides locally, i.e. in the local 104 
ecosystems and the surrounding land- and seascapes they are part of. Here, biodiversity conveys 105 
a range of geographically specific benefits to people that rely on the compound functional and 106 
structural elements and contributions emerging from the presence and interactions of locally co-107 
occurring species (13-15). Maintaining these emergent benefits and supporting their resilience 108 
relies on sufficient levels of ecosystem integrity, e.g. adequate connectivity and minimum 109 
population sizes supporting healthy species and resilient communities. The exact spatial extent of 110 
this local scale varies with system and ecological processes – as small as a few hectares to 111 
several square kilometers for most terrestrial systems, but larger for processes including seasonal 112 
movements of species, and for large lakes and marine systems (16). A single location might 113 
convey a large portion of the same function (e.g. pollination) or benefits (e.g. climate regulation) 114 
found at another, and the combined value changes minimally as one is lost or restored. Notably, 115 
functions and benefits might require particular species to co-occur and might decrease or 116 
collapse entirely if key species populations or functions fall too low and the system is below a 117 
resilience threshold. These decreases, as arising from an unsustainable use biodiversity, are 118 
expected to impact the supply of ecosystem services and the many known and measured benefits 119 
to people (17). But as those species or functions are retained in the region and biodiversity is 120 
used sustainably, local biodiversity significance has the potential to recover.  121 

The second part of a location’s significance arises from the global-scale contribution of its 122 
biodiversity (18, 19). In short, locations might harbor geographically rare, evolutionarily or 123 
functionally unique or particularly valuable biodiversity assets that are of fundamental 124 
importance for their future survival globally. These are typically species or ecosystems that in 125 
addition to conveying local functions or benefits have narrow distributions (endemism), low 126 
populations sizes, insufficient protection and/or decreasing recent or projected trends in extent 127 
and condition (20, 21). In some cases, they might hold particular importance (flagship, umbrella 128 
status) due to their unique or outstanding functional, evolutionary, or cultural values (22). The 129 
units conveying this varying importance are biologically defined, in the case of species, or 130 
human-assessed, for ecosystem types, and each hold a distinct realized or potential geographic 131 
distribution that can be assessed for single spatial units, say 1km pixels. 132 

 133 

Implications of scale dependence for measurement 134 

The two scales of biodiversity values necessarily require different scales of measurement. For 135 
local values, measurements addressing occurring biodiversity functions and benefits require data 136 
collection at the local to regional scale, extending to land- or seascapes and watersheds, but not 137 
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usually beyond. It is important for measurements to encompass all key functions and benefits to 138 
the extent possible.  139 

In contrast, to gauge global significance arising from locally occurring biodiversity elements 140 
(species, ecosystems), the scope of assessment goes far beyond the location. It requires 141 
determining the extent of the elements’ global distribution and of their status/condition at each of 142 
their occurrence locations (23). In simplified form, for a single location (and time) the 143 
significance value for a given biodiversity element can then be derived as Local Suitability / Sum 144 
(suitability of all pixels), and the compound total as aggregate across all elements (for species 145 
this is akin to ‘endemism richness’ or ‘total range rarity’ (24)). For the case of single species 146 
abundance (i.e. population size individuals/area) or ecosystem type prevalence, local significance 147 
is given as proportion of the global population or global ecosystem type an area holds. All 148 
metrics can be weighted by other attributes such as threat or distinctness. Here, accounting for 149 
each member of a biodiversity element group (e.g. species class mammals, ecosystems type of 150 
Global Ecosystem Typology Level 4) not just locally but globally is key. Insufficiently capturing 151 
status or condition for elements in some regions and missing their value would not only miss 152 
their importance but also wrongly upweight locations that are measured. For species populations 153 
the need to address all locations of all species across their full geographic scope was therefore 154 
recognized as essential (25).  155 

A central distinction between local and global parts of biodiversity significance arises from their 156 
different geographic restriction/concentration, redundancy, and replaceability (18, 19). Different 157 
to the redundancy attributes of local biodiversity significance, for global significance we see 158 
additivity or uniqueness. The defined geographic distribution of global significance units implies 159 
geographic restriction, complementarity, and potentially irreplaceability, indicating that some 160 
locations have much higher portions of specific assets than others. It also means additivity, with 161 
a location’s importance increasing linearly with the aggregate of the global significance of the 162 
biodiversity units it holds and their respective geographic restrictions. Single locations’ global 163 
significance aggregates to compound regional and global biodiversity significance, with each 164 
part of the planet contributing a portion, and when apportioned in this way exact 165 
complementarity of these contributions. Systematic conservation planning leverages this 166 
information and supports spatial decision-making and optimized reserve design and sustainable 167 
development (26, 27).  168 

 169 

Implications of scale dependence for conservation 170 

These differences have direct implications for conservation outcomes. Consider Location A, for 171 
example, situated in a sub-/tropical region, that holds both high local and global biodiversity 172 
significance because it is home to several narrowly distributed species or ecosystems that also 173 
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provide important local benefits and functions. Protecting the biodiversity of these locations 174 
from degradation or restoring them to their native state holds both global and local importance. It 175 
ensures progress around both local and global ecosystem health in GBF Goal A and delivers on 176 
the objectives of Target 3 on increased area-based conservation by 30% by 2030 (the “30x30” 177 
target) to address areas of biodiversity importance and ecological representativeness (Figure 2). 178 
In contrast, Location B holds very limited global significance but does deliver important 179 
functions and benefits locally. Here, deterioration or protection affects local but not global 180 
biodiversity significance and thus has relevance for local ecosystem health and services (Goal A 181 
components, B). But these changes have limited bearing for safeguarding species and ecosystems 182 
globally (Targets 1, 3).  183 

These examples highlight how central goals and targets of the Kunming-Montreal Global 184 
Biodiversity Framework (GBF) are to addressing biodiversity status and threats and that they go 185 
beyond the jurisdictions of its signatories, let alone single locations (Figure 2). This situation is 186 
similar for metrics now stipulated for use by businesses under the Taskforce for Nature-related 187 
Financial Disclosures (TNFD) (28) and emerging jurisdictional disclosure regulations aligned 188 
with CBD Target 15 (29), as well as with emerging voluntary guidance such as from the Science 189 
Based Targets Network (30), the Nature Positive Initiative (31), and the Align Project. 190 

In the GBF, this applies most obviously to the commitments to reduce species extinction risk and 191 
support healthy species populations and their genetic diversity (Goal A, Targets 1, 3, 4). As the 192 
species and their populations extend beyond, and in cases seasonally move beyond, the borders 193 
of single landscapes and countries, gauging the adequacy of local actions to support conservation 194 
goals requires large-scale context. Information on the status and site condition for species is 195 
obviously critical. But only additional information on respective population status and trends 196 
(and existing protection measures) everywhere else allows for quantification of the location’s full 197 
significance. As species and their interactions with a particular environmental setting define 198 
ecosystems, the same applies to GBF commitments around ecosystem status and trends. 199 
Assessing the extent and status of ecosystems relies on a full global delineation (atlas) with 200 
single elements going beyond single locations and landscapes. And evaluating a location requires 201 
measurement of the health of locally occurring ecosystem types including information about 202 
their global status, akin to species. Global significance underpins all elements of GBF Goal A, 203 
and the compound potential progress on these biodiversity commitments through avoidance of 204 
impacts or active conservation measures (Targets 1, 2, 3, 4) is greatest in places of high global 205 
biodiversity value. In the current Nature Positive Initiative draft guidance (32), both species 206 
indicators and at least one ecosystem indicator rely on the capture of both local and global 207 
biodiversity significance of areas of interest to business (Fig. 2). 208 

In contrast, for other threat-related GBF targets addressing nature benefits and use and for the 209 
Nature Positive Initiative draft indicators addressing local ecosystem conditions, local 210 
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biodiversity values are sufficient (albeit in cases larger landscape integrity and connectivity of 211 
surrounding land- and seascapes requires consideration).  212 

 213 

Biodiversity measurement users and their types and scopes of need 214 

Key users of biodiversity information span geographic scales and domains (Fig. 3). They are 215 
united by their interest in including biodiversity in their decision-making and monitoring and 216 
assessing change, in some cases tracked against specific targets. Human society as a whole 217 
benefits from biodiversity measurement, as a means of protecting the multiple values we attach 218 
to nature: whether intrinsic ("Nature for Nature"), instrumental ("Nature for Society") or 219 
relational ("Nature as Culture")(33). While ensuring sufficiency of local biodiversity benefits, 220 
human society is charged especially with the global safeguarding of biodiversity and access to 221 
information is key for it to hold governments accountable. Valuation of the global status of 222 
species and ecosystems and of a location’s relative contributions to support it are thus central. A 223 
range of global initiatives use this information to support global status assessments, including the 224 
Half-Earth Project (34), the Global IUCN Red List (35), the Planetary Boundaries initiative (36), 225 
and reports and trackers provided by international NGOs such as WWF (37)(38).  226 

In international policy frameworks, national governments formalize these commitments toward 227 
global progress in the form of national targets and track them in their jurisdictions. As illustrated 228 
in the GBF (Fig. 2), both local and global biodiversity values are key, while the overarching 229 
vision mirrors the large societal obligation toward minimizing global losses. This applies 230 
similarly to other conventions that focus on particular parts of biodiversity or loss drivers, such 231 
as CITES for traded species and CMS for migratory species.   232 

Businesses rely on global and local biodiversity value information to evaluate, act on, and 233 
disclose nature-related impacts, dependencies, risks, and opportunities across their value chain, 234 
extending from single or multiple locations of their own direct operations to upstream and 235 
downstream processes, including commodity sourcing. The global economy, and individual 236 
businesses, are significantly reliant on biodiversity– with over 55% of global GDP (US$58 237 
trillion) moderately or highly dependent on nature (39). Biodiversity-related dependencies 238 
include ecosystem services and functions that business operations might rely on, such as those 239 
affecting crop or fishing yields, material quality, tourism and others and typically centered on 240 
values at local to regional scales. Businesses are also key contributors to the major global drivers 241 
of biodiversity loss, e.g. through land-use and climate change, exploitation, pollution, and 242 
invasive non-native species. Related to both dependencies and impacts are the resulting nature-243 
related risks, which can be characterized as physical, transition, or systemic (40). Businesses 244 
require biodiversity information to accurately assess nature-related dependencies, impacts, risks, 245 
and opportunities, commit to specific targets to address them, take action accordingly, and 246 
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disclose their progress (41). A major lift in guidance on identifying exposure to nature-related 247 
risks and opportunities has recently been delivered by TNFD. Its LEAP framework recommends 248 
businesses to Locate how they geographically interface with nature (including biodiversity) and 249 
Evaluate both global and local biodiversity values in those places. These steps are followed by 250 
Assessment and Preparation around their risks and opportunities, with management and planning 251 
requiring additional information at both global and local scales. Multiple corporate nature 252 
frameworks are currently evaluating suitability of Nature Positive Indicators (Fig. 2) for 253 
assessment for reporting inclusion in disclosure guidance. How much corporates’ activities 254 
intersect Areas of sort A rather than B (Fig. 1) will affect the balance between global vs. local 255 
biodiversity information needed. As lenders and investors, the same information needs extend to 256 
financial institutions, which, like corporations with complex value chains, may have limited 257 
traceability to specific locations. Interestingly, through the TNFD’s Transition Planning 258 
guidance, the Science Based Targets Network methodology, and other guidance, there is specific 259 
emphasis on ensuring the biodiversity efforts in a specific place align with, and can be reported 260 
against, jurisdictional and global objectives. An additional particular relevance exists for a 261 
rapidly emerging group of business operations around high-biodiversity nature-based solutions 262 
(e.g. carbon credits) and direct biodiversity credits which may be either required for permitting 263 
compliance or voluntary (e.g. easements, restoration). Nascent voluntary biodiversity credit 264 
measurement standards remain variable, but credit pricing is poised to converge around local and 265 
global biodiversity contributions achieved which in turn will guide planning and site 266 
management. 267 

At the level of countries and their component governments and agencies, needs for biodiversity 268 
information are cross-cutting and cover all areas of their jurisdiction. Governments need 269 
biodiversity information to inform the development and monitoring of national policy, to 270 
monitor compliance with existing regulations and to guide new legislation. In order to develop 271 
national policy, countries rely on biodiversity information to assess their own biodiversity 272 
dependence- and impact-related risks, value their nature assets and support their spatial planning. 273 
In the context of international agreements, such as the GBF, Parties to the Convention (i.e. 274 
countries) need to set national biodiversity targets and they are legally obligated to report on 275 
progress towards those targets, including reporting on progress towards the indicators in the GBF 276 
monitoring frameworks. And they rely on biodiversity information to assess their own 277 
biodiversity dependence- and impact-related risks, value their nature assets and support their 278 
spatial planning. For example, national targets include the targets that many governments have 279 
committed to area-based conservation actions in support of the ‘30x30’ GBF Target 3.  280 

National planning efforts, such as those supported by SPACES Alliance, require both intra- and 281 
extra-territorial biodiversity information. Local biodiversity values that citizens rely on in the 282 
land- and seascapes they inhabit have particular importance for government. But the larger 283 
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societal and international commitments along with the ‘beyond-borders’ distribution of 284 
biodiversity require a strong consideration of global biodiversity values.  285 

The goals and information needs of non-governmental organizations supporting biodiversity 286 
conservation overlap with many of those already listed. The geographic scope of their own direct 287 
activities and those of their partners might span single locations or large regions across the globe. 288 
Among organizations, conservation goals include outcomes for both local and global biodiversity 289 
and require information addressing both. Organizational target setting and tracking is variable, 290 
with some using internal tools and others following GBF-inspired metrics with no cross-cutting 291 
frameworks or reporting tools.  292 

Indigenous peoples and local communities (IP&LCs) are both dependents and key custodians of 293 
biodiversity worldwide. They are keen to monitor compliance of institutions active in their areas 294 
and deeply value information about not just local but also global biodiversity significance of 295 
their land- and seascapes. IP&LC knowledge holdings are often richer than those derived by 296 
outside actors but may lack the context necessary to detect a location’s outstanding global value. 297 
Democratizing access and use of this information as IP&LCs navigate outside interests is a key 298 
priority for producers and consumers of biodiversity information. 299 

 300 

Addressing information needs with biodiversity measurement 301 

The above characterization of use cases highlights key commonalities among all consumers of 302 
biodiversity measurements and the need for common and shared solutions (42). We note that 303 
temporal and spatial metrics might be calculated by stakeholders internally one-off, or through 304 
the development or use of internal or through partnerships with external tool providers. Decision-305 
support use cases such as comprehensive asset valuation, target setting, spatial planning (43), or 306 
site management are often more complex. They might require additional information or 307 
assumptions around biodiversity pressures and response, and any planning usually relies on 308 
spatially comprehensive and contiguous information (e.g. detailed regional to global maps across 309 
time) and benefits from future scenario assessment.  310 

Field data collection 311 

Collection of biodiversity data in the field is the core, albeit on its own insufficient, means to 312 
address these information needs. Some but not all of the key information user groups (Fig 3) are 313 
also central producers of biodiversity data and are using a growing suite of technologies to 314 
collect it (Box 1). Many government agencies have field survey programs or bring together data 315 
from regional actors in their jurisdiction, with coverage often closely related to wealth. Along 316 
with some commercial ventures, some high-GDP governments undertake satellite and airborne 317 
remote sensing campaigns that can deliver near-global data addressing biodiversity indirectly 318 
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(44, 45). For compliance, and due to an increasing recognition of risks and opportunities related 319 
to biodiversity, businesses are a nascent but rapidly growing collector of biodiversity data in 320 
their own areas of interest. With their local partners, conservation organizations undertake 321 
myriad surveys in their activity areas addressing particular species, ecosystem, and impact 322 
interests. In academia, including museums and herbaria, data collection is usually project-driven 323 
around incidental areas of interest, often near university or research stations. Together with 324 
government, conservation NGO, and IP&LC partners, academic researchers have an outsized 325 
importance for locating and assessing under-sampled or describing new biodiversity. And 326 
alongside the same peers, they are central to advancing new sampling methodologies and 327 
technologies. Finally, IPLCs hold key knowledge for their locations with use guided by 328 
appropriate consent. More broadly, local people have become key to advancing community-329 
based information and addressing past data inequities, and in terms of record counts have 330 
become the largest contributors.  331 

Either directly or through additional means of identification, these primary data address the 332 
status of ecosystems, species, and their functional and genetic attributes. Comprehensive (and 333 
rare) community time series and atlas surveys excepting, these data are sparse across space, time 334 
and biodiversity units. And they are subject to well-known but heterogeneous biases, associated 335 
with access, wealth, detectability, identifiability, and other factors (46, 47). They are dominated 336 
by presence data, with evidence on condition, local abundance or absence collected much more 337 
rarely (48). Earth surface signals from orbiting satellites are spatiotemporally more dense, 338 
contiguous and less biased, but limited to specific types and derivation of biodiversity-relevant 339 
metrics constrained by spatiotemporal data grain and available ground training data. 340 

Data processing and harmonization 341 

These primary, and mostly unstructured data require standardization to make them interoperable 342 
and sharable. Here a mostly academic community along with Global Biodiversity Information 343 
Facility, a sharing infrastructure for spatial biodiversity data, have advanced the Darwin Core 344 
and its recent Humboldt extension as standard to serve this central purpose (48-50) along with 345 
taxonomic standardization initiatives (51, 52). For ecosystems, the Global Ecosystem Typology 346 
and Atlas efforts serve a similar role, as do natural capital accounting guidelines for ecosystem 347 
services. For this primary evidence to be fit for further use requires extensive additional 348 
harmonization and quality assessments, a service provided by expert networks in academia, 349 
agencies, NGOs, and the public. These networks are organized loosely under different structures 350 
and contributing volunteer time or linked to project-focused initiatives. Intersecting and 351 
overlapping with thematic axes of expertise are regional networks, such as biodiversity 352 
observation networks. Challenges in this space are obstacles to data sharing, quality control and 353 
fitness for purpose, and others. 354 
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In combination, the above steps result in a structured and curated primary data ‘cube’, addressing 355 
the observed status/condition of biodiversity in select instances of time, place and biodiversity 356 
element. In rare instances, e.g. for a densely sampled location or expert-assessed categorical 357 
threat status, basic interpretation of these data would be sufficient to address a measurement use 358 
case. But typically, for the information to be fit for purpose, additional statistical or machine 359 
learning-driven models are necessary which leverage environmental data, e.g. from remote 360 
sensing, and can link in other ancillary information.  361 

From data to Information Products and Insights  362 

As an example, for use cases only addressing assessment or monitoring of Local Biodiversity 363 
Significance, traditional time series or occupancy models can capture status for a subset of 364 
biodiversity at single locations. In practice, for small portfolios these analyses could be 365 
completed by stakeholders fully in-house, and they would not necessarily require going through 366 
communal warehousing and quality refinement steps. 367 

The situation is different for many decision-support use cases and all those requiring Global 368 
Biodiversity Significance of any sort. Here, more comprehensive information that addresses a 369 
full geographic scope, ideally over multiple time scales, is key.  370 

This is best encapsulated in the ‘Essential Biodiversity Variable’ (EBV) concept (53) (and its 371 
extension, Essential Ecosystem Service Variables, ESSVs (54)), conceived as a space - time - 372 
biodiversity element cube (Fig 1), where space and time are represented as single pixels of 373 
standard size and models provide standardized quality predictions across all pixels. EBVs are 374 
typically made possible through remote sensing, addresses the status and condition of all 375 
members of a defined group of biodiversity entities, functions, or services (e.g. all mammals, 376 
trees, Typology Level 5 ecosystems, canopy structural attributes, or net primary productivity, 377 
etc.). When completed at appropriate quality and scope and sufficiently fine spatial grain, EBVs 378 
are foundational to any biodiversity information use case. By definition, pixels in the EBV cube 379 
are fully comparable, ‘apples to apples’, for different places in space and time, and EBVs can 380 
thus be used to flexibly assess few or many single locations or to provide support planning and 381 
decisions over large areas and global portfolios. For each biodiversity element, aggregated across 382 
all its locations, EBVs directly deliver a quantitative estimate of the global status and trends. And 383 
for each location, aggregated for all biodiversity elements, EBVs provide the status of each 384 
element. EBV production requires massive data harmonization and integration, across e.g. 385 
thousands of species or ecosystem types, and appropriate statistical computational methods to be 386 
derived at a fine scale along with uncertainty capture. Finally, EBVs directly support mapping 387 
and spatial planning across large regions.  388 

An existing qualitative approach to delineating Global Biodiversity Significance or Status can 389 
exist through expert-driven threat assessments, such as those conducted by Red List efforts 390 
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globally in 5 to 15-year intervals. These assign high-priority biodiversity elements to threat 391 
categories (that are static in space) and in binary form delineate high-priority places. Such 392 
assessments are limited in spatiotemporal detail and miss critical nuances within and beyond 393 
priority cases, limiting their effectiveness and fitness for many measurement and decision 394 
purposes. But they are sufficient for several use cases, mobilize important information on threat 395 
drivers, and represent a helpful engagement of experts that leverages and in turn can contribute 396 
to EBV-based information development. Threat assessment and EBV approaches are thus 397 
complementary and synergistic, and there is strong potential for realizing synergies and 398 
maximizing the impact of expert knowledge. Global EBVs provide a structure for pooling data 399 
and limiting duplication (55), and delivering both Local and Global Biodiversity Values and 400 
supporting all measurement cases. EBVs unlock the enhanced availability of, and access to, 401 
consistent, global, location-specific, up-to-date biodiversity data which has been identified as a 402 
key technical priority needed for the private sector to play its role in halting and reversing 403 
biodiversity loss (56). 404 

 405 

Challenges and Opportunities 406 

1. Unlocking field data for Global Biodiversity Valuation 407 

Global Biodiversity Values, and global EBVs in particular, deliver the quantitative, standardized 408 
common good required by all users and many use cases. Yet, no single entity collects even a 409 
small percentage of the field data required to address this need, and its compilation relies on data 410 
sharing and collaboration. While most beneficiaries of biodiversity information, perform data 411 
collection, their realized contributions to overall information are heterogeneous. Publicly shared 412 
data contributions are numerically vast in citizen science and have grown in academia thanks to 413 
journal and funding requirements, and many governments publish data through GBIF. GBF 414 
Target 21 commits parties to grow and make available biodiversity information, but the CBD 415 
and other international agreements do not directly require data sharing. IPLC-related data 416 
collection and sharing is guided by free, prior, and informed consent and requires consultative 417 
approaches. Businesses are rapidly growing collectors of biodiversity data in their locations, but 418 
to limit exposure, retain competitive advantage, and save costs, many prefer to keep data private. 419 
Although the TNFD stipulates transparency and disclosure and includes accessibility as data 420 
principle (57), it stops short of mandating data sharing and specific data standards. And while 421 
some jurisdictions require submission of biodiversity data into public repositories, e.g. for 422 
surveys required for permitting, this is inconsistent and often the exception. The commercial 423 
arena therefore stands out as key user and beneficiary of global data, but with limited stipulations 424 
to contribute.  425 
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Mechanisms to encourage or require appropriate contribution and standardization of data to the 426 
common good can help address these issues. Any local data producer, specifically those also 427 
requiring information on global significance, should be requested to contribute their data to 428 
global information production in some form. Secure digital sharing mechanisms and 429 
infrastructure allow for sensitive or otherwise private data to contribute to model-supported EBV 430 
development needing fully public data access. Mechanisms include requirements by industry 431 
regulators and business disclosure frameworks, legislation, and philanthropic funding to support 432 
better data capture and sharing structures.   433 

 434 

2. Advancing Global Biodiversity Valuation and EBV Production 435 

As with data collection, even though all information consumers are beneficiaries of Global 436 
Biodiversity Information, none are in a place to be producers of the compound information 437 
required. Global EBVs address both monitoring and decision-support use cases across scales of 438 
valuation and areas of interest. EBV implementation is gaining traction in near-continental 439 
contexts such as the European Union (58), and is advancing globally for species and ecosystem 440 
distributions. EBV’s versatility comes with the requirement of immense data, expert, 441 
computational and methodological inputs and coordination in their production.  442 

EBVs are a central common good and digital infrastructure and shared resourcing can support a 443 
more direct participation of information users and producers. Growing computational 444 
capabilities, AI-supported data integration, and advances in secure digital cloud infrastructure 445 
that enable more direct links to data production and expert engagement can now support a much 446 
stronger and concrete vision of global EBVs and Global Biodiversity Valuation than well over a 447 
decade ago when originally conceived. Incentives could be put in place to better link up 448 
qualitative global significance valuation (e.g. threat classification) approaches and quantitative 449 
EBV production efforts which currently are separate or even competing, despite obvious 450 
potential synergies.  451 

 452 

3. Rewards, optimization, and sharing of expert engagement 453 

Regional and thematic experts and their networks play a central role by curating data structures 454 
(such as taxonomies), standards, and quality and guiding both collection and integration. 455 
Usually, this work is delivered ad hoc for specific initiatives and sometimes more ongoingly in 456 
working groups. In almost all cases it is voluntary without financial rewards and often also with 457 
limited attribution and credits as data moves through to further integration and modelling. When 458 
experts are financially supported, e.g. contracted to prepare and analyze data, they tend to be 459 
kept private and detract rather than contribute to information advancements benefiting the public. 460 
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Expert contributions are also marked by inefficiencies, with data expert review and quality 461 
control and for the same biodiversity elements and locations conducted repeatedly and 462 
redundantly by different stakeholders, e.g. to produce species or ecosystem maps. Finally, due to 463 
their ad hoc and voluntary nature, expert contributions are often not captured in sufficiently 464 
standardized ways to most effectively benefit production of fit-for-purpose information.  465 

Mechanisms to address this issue include a more direct recognition of expert service 466 
contributions in their own professional systems for career advancement, avenues to support a 467 
more explicit and consistent attribution of their work in downstream products, and targeted 468 
philanthropic support for expert networks and societies that aims to optimize contributions and 469 
limit redundancy.  470 

 471 

4. Efficient data collection guided by information gaps and needs 472 

When not required for environmental compliance purposes, the collection of field biodiversity 473 
data is largely untethered from information need and tends to follow collector group interests and 474 
the sociology, expertise, and locational and other preferences of their contributors (59, 60). 475 
Collectors tend to use metrics such as counts of records, area covered, or similar to measure and 476 
report data collection effort. The biodiversity data collection landscape is an evolving system of 477 
ongoing citizen science activity, readily deployed automated remote or local and increasingly 478 
AI-supported sensors, and focused data capture on specific locations or biodiversity of high 479 
interest. In this context, valuable data are those that strongly complement these existing data 480 
flows and address the most glaring gaps in the raw data cube of space, time, and biodiversity 481 
elements. More quantitatively, the most helpful data address pixels in the EBV cube with 482 
greatest uncertainty, as arising after the model-based combination with ancillary information 483 
such as remote sensing. Finally, it might instead be locations with the greatest projected change 484 
under different scenarios or those of interest to the greatest number of users that should receive 485 
data collection priority. In all cases, communication, coordination and direct collaboration 486 
between information user, information producer, and data collector communities is a hitherto 487 
mostly untapped opportunity to increase collection efficacy and biodiversity information at large. 488 
With immense redundancy in current local biodiversity collection, there is potential to steer at 489 
least a small portion of ongoing collection efforts to be more effective, thus radically increasing 490 
its value. EBVs enable a credible re-envisioning of the “same metrics, same methods, 491 
everywhere” approach to biodiversity measurement that has gained some traction in private 492 
sector space, instead focusing effort and resources where they are needed most. 493 

 494 

Next steps 495 
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Several opportunities for concrete initiatives within the scope of science-policy and funding 496 
organizations emerge that leverage new science and technology and add key capacity to unlock 497 
progress.  498 

Collaborative infrastructure for national and regional hubs. Countries are the sovereigns in 499 
charge of their nature assets with a direct interest and activities addressing their measurement. 500 
Especially in smaller nations and marine systems much of biodiversity crosses borders, and thus 501 
larger, regional-scale perspectives are needed to address a more complete biodiversity scope and 502 
bring together relevant data collectors, information producers, and users. Regional center could 503 
serve such a purpose (e.g. (61)) and be catalysts for ensuring data collection networks are 504 
supported and incentivized around overall knowledge needs. At present, the compound 505 
contribution of sub-global nodes is limited by variable and insufficient capacity and lack of 506 
structures for effective and standardized biodiversity data and information capture. The vision of 507 
Biodiversity Observation Networks organized under a global system offers the potential for more 508 
coordinated data collection (9). We suggest extending this to include shared and streamlined 509 
digital infrastructures that allow data collection to directly tie into and benefit from thematically 510 
focused and larger-scale monitoring efforts. While retaining ownership and privacy when 511 
necessary, distributed infrastructure linked to common backbone can provide the efficiencies in 512 
data collection, preparation, harmonization and information production and help unlock benefits 513 
through effective decision-support tools.  514 

Formalized support for thematic integration hubs. We suggest that regional centers be directly 515 
partnered with cross-cutting global hubs that bring together relevant technologies and expertise. 516 
These have a focus on standardized data integration and co-development and curation of 517 
information products with end-users. Overarching themes could follow the major classes of 518 
EBVs, such as species populations or ecosystem structure etc. and further organized into expert 519 
networks and technology initiatives that in partnership provide the knowledge and solutions to 520 
the steps leading to biodiversity information products. Thematic hubs support biodiversity 521 
measurement from local to global scale and significance and support a feedback loop between 522 
national and regional data collection and global progress and needs. A key goal of thematic hubs 523 
is to support experts with structures that increase the efficacy and recognition of their central 524 
recognition.  525 

End-to-end initiatives. We suggest rapidly conducting several projects that fully address select 526 
biodiversity dimensions and biodiversity information use cases end-to-end. These would at a 527 
minimum serve as a “proof of concept” or become fully-fledged missions or initiatives to 528 
effectively link biodiversity data from providers to end users and institutions at local, regional or 529 
global scales. The efforts could address several different use case types to demonstrate 530 
specifications and enabling conditions unique to different user groups (e.g., local communities, 531 
agricultural companies, government agencies). They would help identify: best practices for 532 
operationalizing the “data to impact” value chain; lessons learned for how to connect different 533 
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institutions and systems operating within jurisdictions; possible new “lynchpin” data sets needed 534 
to unlock impact; processes to coordinate, consolidate, and align data collection process with 535 
user needs.  536 

A global biodiversity warning system. We suggest producing near real-time alarm systems 537 
coupled with initiatives that support activism and campaigning. Infrastructure developed with 538 
technology and remote sensing partners could provide short-term information or forecasts on 539 
specific biodiversity elements (62). This can include warning systems and local biodiversity 540 
‘alarms,’ a ‘Biodiversity Watch’ system akin to the World Resource Institute’s Global Forest 541 
Watch, which highlights places of particular global concern with recent or expected impact. Such 542 
a system would replicate or scale existing efforts which combine the best available remote 543 
sensing and aerial data to make timely reports and be most powerful when directly linked to 544 
related efforts for advocacy and intervention in policy, business and other societal areas. Such 545 
initiatives could collaborate with local organizations to mobilize around hotspots, launch targeted 546 
campaigns, and mobilize the local public around local verification and advocacy. 547 

 548 

 549 

  550 
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BOX 1: Innovations in biodiversity sensing 551 

A range of recent innovations in science and technology transform data collection and integration.  552 

Novel acoustic and visual sensors and monitoring devices, increasingly with remote data access and onboard 553 
processing, are bringing about a new era for local biodiversity sensing (63, 64). Combined with AI- supported 554 
avenues for biodiversity detection and identification, this offers a scalable solution for collecting biodiversity data 555 
through more actors and from more locations, time points, and taxa or ecosystems (65). Hyperspectral and lidar 556 
sensors that can directly capture structural and functional biodiversity data are becoming more accessible. 557 
Deployment, data and metadata standardization and sharing, obstacles to AI-supported identification, and restriction 558 
to audiovisual detection remain limitations. 559 

Citizen science, although often reporting on much of the same accessible locations and readily identified species 560 
(66, 67), is reaching ever more people, places, and ultimately biodiversity (68). Important next developments 561 
include: - the scaled-up use of emerging sensors and devices to capture data beyond species presences to address 562 
quality and potentially functional aspects of biodiversity and include genetic dimensions; - new computational tools 563 
and field-guide apps for improved and quantified quality of identification; - collection campaigns and incentives that 564 
are directly linked to data needs and remain uncertainties as emerging biodiversity information products such as 565 
EBVs. Collaborations between the citizen science and information production communities will be key.  566 

Environmental DNA (eDNA) combined with next-generation sequencing is rapidly growing powerful means of 567 
regional to local species detection (69, 70). Sample processing requirements and costs continue to fall, and first fully 568 
effective in-field workflows using nanopore sequencing have been successfully demonstrated. Key remaining 569 
constraints include: incomplete and biased libraries for species identification (71); - a restriction to taxa, conditions 570 
and environments that provide readily accessible eDNA; - in cases such as samples derived from water or airborne 571 
DNA lack of spatial specificity (71); and lab processing logistics. Yet, further innovations here are likely to support 572 
a scaled-up use of eDNA for local biodiversity sampling in a way that complements other data types. 573 

New satellite- and UAV-based data flows are poised to contribute ever greater and more relevant data for 574 
biodiversity measurement. New earth observation missions are offering expanded and more highly resolved radar 575 
and hyperspectral data (45). And UAVs are rapidly growing means to collect data at spatial resolutions and extent in 576 
between ground-based and remote sensing with demonstrated ability to rapidly and cost-effectively capture 577 
biodiversity in complex and inaccessible environments (72, 73). With increasing training data and AI methodology, 578 
direct detection, identification and monitoring of select species and specific ecosystems and their functional and 579 
structural attributes, satellite-, UAV-based and other airborne sampling will strongly enhance biodiversity 580 
measurement (74). 581 

AI-based and other computational advances in data mobilization, imputation, harmonization, and quality 582 
control. Rapidly growing amounts of data of different types and from heterogeneous sources represent an increasing 583 
challenge to prepare and validate. Computational tools with human-in-the loop and reinforcement learning can offer 584 
critical avenues to make limited expert capacity maximally effective. In data integration and modelling, innovations 585 
in deep learning hold immense promise for improving the coverage and robustness of biodiversity information (75). 586 
This includes foundation models to leverage vast remote sensing data (76) and ‘borrowing strength’ or imputation 587 
approaches to support the inclusion of under-sampled biodiversity in EBV production (77). Dedicated capacity and 588 
innovative partnerships are needed to identify, transfer, and adapt the most promising of emerging methods and 589 
technologies to benefit the development of biodiversity information products. 590 

 591 
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  593 

 594 

Figure 1: Biodiversity significance of locations is composed of local and global values. Their 595 
absolute and relative amounts differ geographically and determine the compound impact any 596 
change in condition will have. High-integrity locations deliver greater functions and benefits, and 597 
greater suitability for species and ecosystems. Photo credits: Anna Kuzemko (FloraVeg.EU), 598 
JialiangGao (www.peace-on-earth.org). 599 
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 602 

Figure 2: Varying needs for information on global (red) vs. only local (blue) biodiversity value 603 
(status) metrics across elements of the Global Biodiversity Framework (GBF) and the draft 604 
Nature Positive Indicators. * denotes potential need for land-/seascape information beyond focal 605 
locations.   606 

 607 

 608 

 609 

Figure 3: The information type and scopes associated with different users and use cases for 610 
biodiversity information. 611 

 612 

  613 
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 614 

 615 

 616 

Figure 4: Addressing biodiversity information needs through data collection, and integration. 617 
Numbers refer to highlighted challenges and opportunities: 1. Unlocking field data addressing 618 
both Local and Global Biodiversity Status; 2. Advancing Global Biodiversity Valuation and 619 
EBV Production; 3. Rewards, optimization, and sharing of expert engagement; 4. Efficient data 620 
collection guided by information gaps and needs.  621 



22 
 
 

Acknowledgments 622 

The review was informed by discussions at several workshops, most significantly a workshop 623 
held in Montral in association with Half-Earth Day 2023, and previous meetings under the 624 
auspices of Future Earth in Ascona and at Yale University. We acknowledge support from the 625 
Bezos Earth Fund, the E.O. Wilson Biodiversity Foundation, Future Earth, the Belmont Forum, 626 
and the Yale Center for Biodiversity and Global Change, among others. We thank Chrissy 627 
Durkin, Claire Hoffmann, Steven Beissinger, Simon Ferrier, Derek Tittensor, Rachael Petersen, 628 
Paulina Arroyo, Maria Londono, Paul Herbert, Amy Rosenthal, James D’Ath, Cathrine Armour 629 
and members of the Yale Center for Biodiversity and Global Change for valuable input and 630 
discussions. 631 

 632 

References 633 

1. D. Leclère et al., Bending the curve of terrestrial biodiversity needs an integrated strategy. 634 
Nature 585, 551-556 (2020). 635 

2. IPBES, "Global assessment report on biodiversity and ecosystem services of the 636 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Service,"  (IPBES 637 
Secretariat, Bonn, Germany, 2019). 638 

3. B. J. Cardinale et al., Biodiversity loss and its impact on humanity. Nature 486, 59-67 (2012). 639 
4. S. M. Díaz et al., The global assessment report on biodiversity and ecosystem services: Summary 640 

for policy makers.  (2019). 641 
5. H. M. Pereira et al., Global trends and scenarios for terrestrial biodiversity and ecosystem 642 

services from 1900 to 2050. Science 384, 458-465 (2024). 643 
6. U. CBD, in Fifteenth meeting of the Conference of the Parties to the Convention on Biological 644 

Diversity (Part Two) Decision 15/4. (2022). 645 
7. https://www.cbd.int/gbf/related/monitoring 646 
8. J. E. M. Baillie et al., Toward monitoring global biodiversity. Conservation Letters 1, 18-26 (2008). 647 
9. A. Gonzalez et al., A global biodiversity observing system to unite monitoring and guide action. 648 

Nature Ecology & Evolution, 1-5 (2023). 649 
10. V. Proença et al., Global biodiversity monitoring: from data sources to essential biodiversity 650 

variables. Biol Conserv 213, 256-263 (2017). 651 
11. L. M. Navarro et al., Monitoring biodiversity change through effective global coordination. 652 

Current Opinion in Environmental Sustainability 29, 158-169 (2017). 653 
12. H. S. Kühl et al., Effective Biodiversity Monitoring Needs a Culture of Integration. One Earth 3, 654 

462-474 (2020). 655 
13. G. C. Daily et al., Ecosystem services in decision making: time to deliver. Frontiers in Ecology and 656 

the Environment 7, 21-28 (2009). 657 
14. C. K. Feld, J. P. Sousa, P. M. da Silva, T. P. Dawson, Indicators for biodiversity and ecosystem 658 

services: towards an improved framework for ecosystems assessment. Biodivers Conserv 19, 659 
2895-2919 (2010). 660 

15. I. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 661 
Methodological assessment of the diverse values and valuation of nature of the 662 



23 
 
 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. Zenodo,  663 
(2022). 664 

16. L. Hein, K. van Koppen, R. S. de Groot, E. C. van Ierland, Spatial scales, stakeholders and the 665 
valuation of ecosystem services. Ecological Economics 57, 209-228 (2006). 666 

17. R. Chaplin-Kramer et al., Wildlife’s contributions to people. Nature Reviews Biodiversity 1, 68-81 667 
(2025). 668 

18. J. R. Prendergast, R. M. Quinn, J. H. Lawton, B. C. Eversham, D. W. Gibbons, Rare species, the 669 
coincidence of diversity hotspots and conservation strategies. Nature 365, 335-337 (1993). 670 

19. R. Chaplin-Kramer et al., Global modeling of nature’s contributions to people. Science 366, 255-671 
258 (2019). 672 

20. W. Jetz et al., Include biodiversity representation indicators in area-based conservation targets. 673 
Nature Ecology & Evolution 6, 123-126 (2022). 674 

21. K. Jantke, C. D. Kuempel, J. McGowan, A. L. M. Chauvenet, H. P. Possingham, Metrics for 675 
evaluating representation target achievement in protected area networks. Divers. Distrib. 25, 676 
170-175 (2019). 677 

22. J. McGowan et al., Conservation prioritization can resolve the flagship species conundrum. 678 
Nature Communications 11, 994 (2020). 679 

23. R. I. Vane-Wright, C. J. Humphries, P. H. Williams, What to protect?--Systematics and the agony 680 
of choice. Biol Conserv 55, 235-254 (1991). 681 

24. G. Kier et al., A global assessment of endemism and species richness across island and mainland 682 
regions. Proceedings of the National Academy of Sciences 106, 9322 (2009). 683 

25. W. Jetz et al., Essential biodiversity variables for mapping and monitoring species populations. 684 
Nature Ecology & Evolution 3, 539-551 (2019). 685 

26. C. R. Margules, R. L. Pressey, Systematic conservation planning. Nature 405, 243-253 (2000). 686 
27. A. Moilanen, K. A. Wilson, H. Possingham, Spatial conservation prioritization: quantitative 687 

methods and computational tools.  (Oxford University Press, 2009). 688 
28. https://tnfd.global 689 
29. https://capitalscoalition.org/project/align/ 690 
30. http://sciencebasedtargetsnetwork.org 691 
31. https://www.naturepositive.org 692 
32. https://www.naturepositive.org/app/uploads/2025/02/Draft-State-of-Nature-Metrics-for-693 

Piloting_170125.pdf 694 
33. H. Kim et al., Towards a better future for biodiversity and people: Modelling Nature Futures. 695 

Global Environmental Change 82, 102681 (2023). 696 
34. https://map.half-earthproject.org/ 697 
35. https://www.iucnredlist.org/ 698 
36. https://www.stockholmresilience.org/research/planetary-boundaries.html 699 
37. https://livingplanet.panda.org 700 
38. N. D. Burgess et al., Global metrics for terrestrial biodiversity. Annual Review of Environment 701 

and Resources 49, 673-709 (2024). 702 
39. https://www.pwc.com/gx/en/strategy-and-business/content/sbpwc-2023-04-19-Managing-703 

nature-risks-v2.pdf 704 
40. https://tnfd.global/wp-content/uploads/2023/09/TNFD-Glossary-of-terms-V3.0-January-705 

2025.pdf 706 
41. https://www.businessfornature.org/high-level-business-actions-on-nature 707 
42. R. J. Scholes et al., Building a global observing system for biodiversity. Current Opinion in 708 

Environmental Sustainability 4, 139-146 (2012). 709 



24 
 
 

43. H. Tallis et al., Prioritizing actions: spatial action maps for conservation. Annals of the New York 710 
Academy of Sciences 1505, 118-141 (2021). 711 

44. C. F. Randin et al., Monitoring biodiversity in the Anthropocene using remote sensing in species 712 
distribution models. Remote Sensing of Environment 239, 111626 (2020). 713 

45. J. Cavender-Bares et al., Integrating remote sensing with ecology and evolution to advance 714 
biodiversity conservation. Nature Ecology & Evolution,  (2022). 715 

46. M. Chapman et al., Biodiversity monitoring for a just planetary future. Science 383, 34-36 (2024). 716 
47. C. Meyer, W. Jetz, R. P. Guralnick, S. A. Fritz, H. Kreft, Range geometry and socio-economics 717 

dominate species-level biases in occurrence information. Glob. Ecol. Biogeogr. 25, 1181-1193 718 
(2016). 719 

48. R. Guralnick, R. Walls, W. Jetz, Humboldt Core – toward a standardized capture of biological 720 
inventories for biodiversity monitoring, modeling and assessment. Ecography 41, 713-725 721 
(2017). 722 

49. J. Wieczorek et al., Darwin Core: An Evolving Community-Developed Biodiversity Data Standard. 723 
PLoS ONE 7, e29715 (2012). 724 

50. J. M. Heberling, J. T. Miller, D. Noesgaard, S. B. Weingart, D. Schigel, Data integration enables 725 
global biodiversity synthesis. Proceedings of the National Academy of Sciences 118, 726 
e2018093118 (2021). 727 

51. E. L. Sandall et al., A globally integrated structure of taxonomy to support biodiversity science 728 
and conservation. Trends Ecol Evol,  (2023). 729 

52. A. e. a. Gonzalez, From Data to Decisions: Towards a Biodiversity Monitoring Standards 730 
Framework. ecoEvoRxiv,  (2025). 731 

53. H. M. Pereira et al., Essential Biodiversity Variables. Science 339, 277-278 (2013). 732 
54. P. Balvanera et al., Essential ecosystem service variables for monitoring progress towards 733 

sustainability. Current Opinion in Environmental Sustainability 54, 101152 (2022). 734 
55. G. M. Mace et al., It's time to work together and stop duplicating conservation efforts. Nature 735 

405, 393-393 (2000). 736 
56. E. J. McKenzie, M. Jones, N. Seega, J. Siikamäki, V. Vijay, Science and technical priorities for 737 

private sector action to address biodiversity loss. Philosophical Transactions of the Royal Society 738 
B: Biological Sciences 380, 20230208 (2025). 739 

57. TNFD, "A roadmap for upgrading market access to decision-useful nature-related data,"  (2024). 740 
58. M. Lumbierres et al., Towards implementing workflows for essential biodiversity variables at a 741 

European scale. Global Ecology and Conservation 62, e03699 (2025). 742 
59. C. Meyer, H. Kreft, R. Guralnick, W. Jetz, Global priorities for an effective information basis of 743 

biodiversity distributions. Nature Communications 6, 8221 (2015). 744 
60. B. H. Daru, J. Rodriguez, Mass production of unvouchered records fails to represent global 745 

biodiversity patterns. Nature Ecology & Evolution 7, 816-831 (2023). 746 
61. https://www.cbd.int/article/sbi4-regional-centres-implementation-2024 747 
62. A. Antonelli, K. L. Dhanjal-Adams, D. Silvestro, Integrating machine learning, remote sensing and 748 

citizen science to create an early warning system for biodiversity. PLANTS, PEOPLE, PLANET 5, 749 
307-316 (2023). 750 

63. D. Teixeira et al., Effective ecological monitoring using passive acoustic sensors: 751 
Recommendations for conservation practitioners. Conservation Science and Practice 6, e13132 752 
(2024). 753 

64. S. Pringle et al., Opportunities and challenges for monitoring terrestrial biodiversity in the 754 
robotics age. Nature Ecology & Evolution 9, 1031-1042 (2025). 755 



25 
 
 

65. T. Gadot et al., To crop or not to crop: Comparing whole-image and cropped classification on a 756 
large dataset of camera trap images. IET Computer Vision 18, 1193-1208 (2024). 757 

66. F. A. La Sorte, J. M. Cohen, W. Jetz, Data coverage, biases, and trends in a global citizen‐science 758 
resource for monitoring avian diversity. Divers. Distrib. 30, e13863 (2024). 759 

67. A. Johnston, E. Matechou, E. B. Dennis, Outstanding challenges and future directions for 760 
biodiversity monitoring using citizen science data. Methods in Ecology and Evolution 14, 103-116 761 
(2023). 762 

68. M. Chandler et al., Contribution of citizen science towards international biodiversity monitoring. 763 
Biol Conserv 213, 280-294 (2017). 764 

69. F. Altermatt et al., Utilizing aquatic environmental DNA to address global biodiversity targets. 765 
Nature Reviews Biodiversity, 1-15 (2025). 766 

70. K. Deiner et al., Environmental DNA metabarcoding: Transforming how we survey animal and 767 
plant communities. Molecular ecology 26, 5872-5895 (2017). 768 

71. V. Marques et al., GAPeDNA: Assessing and mapping global species gaps in genetic databases for 769 
eDNA metabarcoding. Divers. Distrib. 27, 1880-1892 (2021). 770 

72. M. R. Popp, J. M. Kalwij, Consumer-grade UAV imagery facilitates semantic segmentation of 771 
species-rich savanna tree layers. Scientific Reports 13, 13892 (2023). 772 

73. S. Ecke et al., UAV-Based Forest Health Monitoring: A Systematic Review. Remote Sensing 14, 773 
3205 (2022). 774 

74. M. Conciatori et al., Plant Species Classification and Biodiversity Estimation from UAV Images 775 
with Deep Learning. Remote Sensing 16, 3654 (2024). 776 

75. L. J. Pollock et al., Harnessing artificial intelligence to fill global shortfalls in biodiversity 777 
knowledge. Nature Reviews Biodiversity,  (2025). 778 

76. C. F. Brown et al., AlphaEarth Foundations: An embedding field model for accurate and efficient 779 
global mapping from sparse label data. arXiv preprint arXiv:2507.22291,  (2025). 780 

77. S. Sharma et al., No species left behind: borrowing strength to map data-deficient species. 781 
Trends Ecol Evol. 782 

 783 

 784 


