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Abstract14

Aim and background15

Theway humans produce and consumematerial goods continues to be a primary driving force on biodiversity16

decline. Despite significant advances in quantifying biodiversity footprints, important differences exist across17

types of approaches and indicators. These include, what aspects of biodiversity are measured and how they18

are reported. In this scoping review, we provide an overview of biodiversity impact metrics developed to19

assess biodiversity impacts by human production and consumption activities.20

Methods21

We use systematic literature mapping to scan over 1,200,000 records sourced from OpenAlex. Using natural22

language processing models and a cosine similarity index, we reduce our corpus to more than 7,000 records23

and finally include 154 works as part of the review.24
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Findings25

Wefind that biodiversity footprintingmetrics have evolved substantially since their initial development in the26

late 1990s. Initially focused on land use as the principal driver of biodiversity loss, metrics now also address27

climate change, pollution, invasive species, and, in some cases, overexploitation. We propose a classification28

into four families of biodiversity‐related metrics: impact assessment metrics dominate (64%), followed by29

pressure‐impact metrics (12%), pressure‐impact combined with impact assessment (10%), and state‐based30

metrics (5%), alongside a minor contribution from theoretical ecology in combination with others.31

Impact assessment metrics, rooted in industrial ecology, specialize around three ecological models to char‐32

acterize the effects of diverse pressures on species: (i) species–area relationships and equivalent connected33

areas for land use, (ii) species–discharge relationships for water flow alterations, and (iii) species sensitivity34

distributions for pollution impacts.35

Existing metrics cover terrestrial, freshwater, and marine realms, with a predominant focus on taxonomic and36

functional diversity. Phylogenetic diversity remains substantially underrepresented, and while many metrics37

operate at the species level, relatively few extend to ecosystem assessments, and none adequately capture38

genetic diversity. Except for amphibians, birds, mammals, reptiles, and vascular plants, species groups such39

as fishes, insects, bryophytes, algae, fungi, and non‐insect invertebrates across realms remain largely under‐40

represented in current biodiversity metrics.41

Outlook42

Future work should focus on (1) bridging scientific disciplines like biology, ecology and conservation with43

industrial‐ and social ecology, (2) advancing and refining existingmethods to includemore taxa, (3) developing44

newmethods to account for existing gaps and (4) harmonise metrics with conservation andmitigation efforts.45
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1 Introduction46

Current production and consumption patterns are one of the major Anthropogenic drivers of biodiversity47

loss (Díaz et al., 2019) and pose a challenge for conservation and sustainable use of resources. Pressures48

due to economic activities, include ecosystem fragmentation and degradation, exposure to harmful chem‐49

icals and pollution, competing use of water sources, direct and indirect homogenisation of genetic pools,50

overexploitation, and the effects of climate change (Pörtner, Hans‐Otto et al., 2021).51

Biodiversity footprints (Lenzen et al., 2012; Marques et al., 2017; Wilting et al., 2017; Marquardt et al., 2019)52

allow for quantifying impacts of production and consumption on biodiversity or defined areas of protection53

(Consoli et al., 1993; Finnveden et al., 2009). First devised to account for the life‐cycle impacts of products54

(Guinée et al., 2001; Pennington et al., 2004; Rebitzer et al., 2004; Hauschild, 2005), footprints can now also55

give an estimate of a nation’s final consumption impacts on biodiversity. This is accomplished by accounting56

for impacts through production and supply value chains (Marques et al., 2017;Wilting et al., 2017; Marquardt57

et al., 2019).58

Two major approaches to this quantification are Life Cycle Assessment (LCA) and Environmentally Extended59

Multi‐Regional Input‐Output Models (EEMRIO). LCA focuses on detailed, product‐level analyses, tracing en‐60

vironmental impacts across the entire life cycle of a product, also defined as cradle‐to‐cradle. This life cycle61

includes pressures from raw material extraction to production, distribution, use, and disposal. LCA provides62

a granular view of the specific pressures associated with each product’s life stage. In contrast, EEMRIO63

models operate at a broader scale, e.g., national, regional or global, assessing biodiversity impacts by linking64

economic activities to environmental impacts through inter‐country trade relationships. On the one hand,65

EEMRIO models complement LCA by providing a more systemic and broad overview of impacts across mul‐66

tiple sectors and countries, enabling the assessment of “virtual” and telecoupled (Liu et al., 2013; Hull & Liu,67

2018; Ibarrola‐Rivas et al., 2020; Laroche et al., 2020) biodiversity impacts embedded in international trade68

flows (Kastner et al., 2011; Lenzen et al., 2012; Moran et al., 2016; Nishijima et al., 2016; Moran & Kanemoto,69

2017; Kastner et al., 2021; Irwin et al., 2022; Boakes et al., 2024; Cabernard et al., 2024). On the other, LCA70

models provide EEMRIOwith granular data to devise local impacts on biodiversity as a result of differentiated71

production systems (Scherer & Pfister, 2016; Marques et al., 2017; Crenna et al., 2019; Crenna et al., 2020).72

Contextualising and characterising impacts on biodiversity associated with consumption and production pat‐73

terns across the globe is an operational prerequisite for maintaining a “safe operating space for humanity”74

(Rockström et al., 2009). Globally, current anthropogenic drivers and pressures result in socioeconomically75

and culturally differentiated “metabolic rates” in the material and energy flows in the world’s social‐ecological76
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systems, contributing to unequal ecological exchange (Hornborg, 1998; Dorninger et al., 2021; Bruckner et77

al., 2023). Quantifying final consumption footprints illuminates the problem of moving abroad many activi‐78

ties that underlie increasing consumption of high‐income countries (Dorninger et al., 2021; Bruckner et al.,79

2023). Just accounting for local impacts might give a false sense of sustainability in such countries and a80

focus on how they affect local species when such countries are, in fact, contributing to biodiversity loss and81

increased extinction risks abroad (Lenzen et al., 2012; Nishijima et al., 2016; Moran & Kanemoto, 2017; Irwin82

et al., 2022; Boakes et al., 2024; Cabernard et al., 2024).83

Quantifying the impacts on various aspects of biodiversity using LCAs and EEMRIOs presents significant chal‐84

lenges. These include the complexity of biodiversity itself and how biodiversity is accounted for, limitations in85

data availability, and the lack of standardised metrics that capture different facets of biodiversity loss. These86

challenges arise because biodiversity is inherently multi‐dimensional in policy, science and practice. In the87

international policy context, it spans the levels of genes, species and ecosystems (CBD, 1992). The scientific88

treatment include taxonomic, phylogenetic and functional components. This means that our understanding89

of biodiversity impacts is not evenly distributed among types of ecosystems, types of biodiversity and spatial90

scales. For example, land use systems have historically received more attention than marine or freshwater91

in their assessment, and even within terrestrial ecosystems, tropical rainforests often receive more attention92

due to their high species richness. This creates uneven assessments and an incomplete picture of global93

biodiversity impacts across regions, ecosystem types, species and their ecological functions.94

This review provides an overview of the current application of biodiversity metrics in LCAs and EEMRIOs.95

Through a systematic literature mapping, we quantify the current application of LCAs and EEMRIOs across96

biodiversity realms (i.e., terrestrial, freshwater, and marine), levels of biodiversity (i.e., genetic, species, and97

ecosystems) across different components (i.e., phylogenetic, functional, and taxonomic) and anthropogenic98

pressures, covering both production‐ and consumption‐based biodiversity metrics. We critically examine99

the historical development of a broad set of metrics, how they have evolved to capture the many different100

facets of biodiversity, and how they account for anthropogenic impacts on biodiversity to produce so‐called101

production‐ and consumption‐based footprints. Further, we explore the ecological and biological foundations102

of themetrics and how these can be improved to better account for a single or a combination of anthropogenic103

pressures that drive biodiversity decline.104
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2 Results105

2.1 Biodiversity metrics use: anthropogenic characterisation106

Of the 154 reviewed articles and their supporting information, 57% (88) dealt exclusively with biodiversity107

in terrestrial realms, followed by freshwater (22) and marine (15). Combinations across realms were less108

common, with terrestrial‐freshwater (12), marine‐freshwater (4), or all three realms (11). Of all articles, 79%109

(121) focused on taxonomic diversity, 16% (24) on functional diversity and none on phylogenetic diversity.110

Of the reviewed metrics, species richness is widely used across direct pressures and drivers of biodiver‐111

sity loss. Species abundance was only studied for land use and climate change, whereas genetic diversity112

is absent. Ecosystem diversity is partially covered by land and water use, climate change, pollution, and113

(over)exploitation (Figure 1, Supporting Tables 5‐6).114

Classifying the metrics in regards to the Essential Biodiversity Variables (EBV) classes results in a broad cov‐115

erage across realms for community composition (50:freshwater, 113:terrestrial, 33:marine) with a high focus116

on taxonomic diversity (164), followed by community abundance (31) and trait diversity (5). Species popula‐117

tions class shows a higher coverage for terrestrial (97), followed by freshwater (41) and marine (21) realms,118

of which species distributions (133) shows the higher representation and less for species abundances (26).119

Ecosystem structure has a broader representation for terrestrial (47), than other realms, with an even rep‐120

resentation across ecosystem distribution (20), ecosystem vertical profile (19) and liver cover fraction (16).121

Ecosystem functioning is also covered by metrics for terrestrial (22), freshwater (14) and marine (10) realms,122

mostly associated with primary productivity (25) and ecosystem disturbances (21). Finally, EBVs related to123

species traits and genetic composition showed the biggest gap in their inclusion, with some marginal cases124

for species traits exclusively associated with terrestrial ecosystems (13) (Supporting Figures 2‐3; Supporting125

Table 7).126
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Figure 1: Articles’ distribution by forms of biodiversity and pressures. UpSet plot (bottom) shows the count of articles per anthropogenic pressure and
their corresponding overlaps (if any); left side: count per individual pressure, top: count per overlapping pressures. The Venn diagrams (top) show a
summary of overlapping articles across biodiversity realms (A), types (B) and levels (C). N = 154
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Broadly, we found that all biodiversity footprinting metrics can be classified under the umbrella of pressure‐127

impact metrics. However, to capture meaningful distinctions within this category, we further refined the128

classification based on shared characteristics, including assessment focus, biodiversity reference state and129

interpretation, mathematical formulation, data sources, and underlying cause–effect frameworks (Table 1).130

Based on this, we propose four broad families of biodiversity metrics.131

The first, traditional ecology metrics, typically describe the state of biodiversity at the species or ecosystem132

level and are commonly applied to single or multiple taxa. This family includes widely used indicators such133

as species richness, species abundance, and α‐, β‐, and γ‐diversity. While traditionally used for ecological134

assessments, some of these metrics have been adapted to quantify biodiversity impacts in LCA and EEMRIO135

frameworks. The second family comprises state‐based/pressure‐impactmetrics, which are often structured136

as indices and offer a static snapshot of biodiversity under specific conditions. These can be further subdi‐137

vided into species‐targeted and ecosystem‐targeted approaches, depending on their unit of analysis. While138

some extend beyond taxonomic measures to incorporate ecosystem‐level attributes, their integration into139

LCA and EEMRIO remains limited. Finally, impact assessment metrics, commonly used in industrial ecology,140

are explicitly designed to translate anthropogenic pressures into biodiversity impacts via formal cause–effect141

pathways and ecological models (Box 2.2; Table 2).142

This classification not only organizes biodiversity metrics thematically, but also reveals how biodiversity mea‐143

surement approaches have evolved both historically and methodologically. Figure 2 further illustrates these144

patterns through an article similarity network, revealing a great density around impact assessment metrics145

that span across the rest of the families. On some selected cases, articles do not share a common framework146

or model of assessment and perform alone, even with a single family category. In some cases, articles remain147

isolated, indicating either unique frameworks or limited integration with existing approaches. Only a few148

articles simultaneously incorporate three different metric types to characterize biodiversity impacts resulting149

from anthropogenic activities. The accompanying wordcloud highlights the dominant frameworks and mod‐150

els within each family, particularly the strong influence of cause–effect models such as Species Sensitivity151

Distributions (SSD) and Species Discharge Relationships (SDR) within the impact assessment family (Box 2.2;152

Table 2).153

Quantitatively, according to our coding, impact assessment (IA) biodiversity metrics are the most common154

(98), followed by pressure‐impactmetrics (19), combinations of pressure‐impact and impact assessment (15),155

and state‐based metrics (7). A smaller group of articles draws from theoretical ecology (9), which never156

occurs alone but always in combination with one of the other families — most frequently impact assessment157

(4), state‐based (3), or pressure‐impact (1) (Figure 2; Supporting Table 8).158
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Among impact assessment metrics, cause–effect pathway models dominate (48), addressing pollution im‐159

pacts — primarily through Species Sensitivity Distributions (SSD) (23) — and changes in water flow — through160

Species Discharge Relationships (SDR) (7) — across terrestrial, freshwater, and marine realms. IA metrics re‐161

lated to land use are largely based on Species–Area Relationships (SAR) (34) and relative species richness162

models (8). A smaller subset of articles simultaneously bridges impact assessment and pressure‐impact cat‐163

egories, especially those focusing on species‐ and ecosystem‐targeted approaches.164

Overall, impact assessmentmetrics translate anthropogenic activities into biodiversity impacts through struc‐165

tured cause–effect pathways. Depending on the environmental pressure considered, these metrics typically166

rely on ecological models such as SAR, SDR, and SSD (Table 2). While impact assessment methods domi‐167

nate the industrial ecology landscape, it is important to recognize that metrics originally developed in the‐168

oretical ecology, state‐based and pressure‐impact frameworks have increasingly been adapted into impact169

assessment families. These adaptations demonstrate that static descriptors of ecosystem condition can be170

recontextualized to assess dynamic, human‐induced changes across time and space.171
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Table 1: Summary of biodiversity‐related metrics categorized by type.

Type Metric Description Example

Traditional ecology Species richness The total number of species present in a

defined area.

(Geyer et al., 2010;

Boakes et al., 2024)

Species abundance Absolute size of species populations in a

defined area or community.

(Geyer et al., 2010)

Rarity‐weighted species richness Adjusts species richness based on how rare

the species are globally or locally.

(Boakes et al., 2024)

Alpha‐, beta‐, gamma‐diversity Measures of diversity at different spatial

scales — local (α), between sites (β), and

landscape‐level (γ).

(Koellner & Scholz, 2008;

de Baan, Alkemade, &

Koellner, 2013)

Fisher’s alpha A diversity index based on the log‐series

distribution; sensitive to rare species.

(de Baan, Alkemade, &

Koellner, 2013)

Shannon’s entropy (H) Combines richness and evenness to measure

community diversity.

(de Baan, Alkemade, &

Koellner, 2013)

Sørensen’s similarity index (Ss) A metric for comparing species composition

between two communities.

(de Baan, Alkemade, &

Koellner, 2013)

Simpson index Models species dominance or evenness in a

community.

(Geyer et al., 2010)

Functional diversity Diversity in species functional traits. (de Souza et al., 2013;

Scherer et al., 2020)

Continued on next page
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Type Metric Description Example

State‐based Hemeroby Indicates the degree of human influence or

deviation from natural conditions based on

vegetation structure.

(Geyer et al., 2010;

Taelman et al., 2016;

Rossi et al., 2018; Côté

et al., 2021)

Net Primary Production (NPP) The rate at which plants accumulate biomass,

reflecting ecosystem productivity.

(Weidema & Lindeijer,

2001; Langlois et al.,

2015; Taelman et al.,

2016; Weinzettel et al.,

2019)

Pressure‐impact Human Appropriation of NPP (HANPP) How much of the ecosystem’s productivity is

claimed by humans.

(Haberl et al., 2007, 2012;

Taelman et al., 2016)

Embodied HANPP (eHANPP) The HANPP embodied in consumed goods,

regardless of production location.

(Erb et al., 2009; Haberl

et al., 2009, 2012)

Living Planet Index (LPI) Tracks global biodiversity trends using time

series of vertebrate populations.

(Loh et al., 2005; McRae

et al., 2017; Westveer

et al., 2022)

Human Footprint Index (HFI) A composite index of spatial human

pressures (e.g., roads, cropland, population).

(Sanderson et al., 2002)

Continued on next page
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Type Metric Description Example

Ecological Footprint (EF) Measures human appropriation of ecological

capacity.

(Hanafiah et al., 2012;

MatÝla et al., 2012; Galli

et al., 2014; Lee et al.,

2015)

Biodiversity Intactness Index (BII) Proportion of original biodiversity remaining

in an area.

(Biggs & Scholes, 2005;

Newbold et al., 2016;

De Palma et al., 2021;

Marquardt et al., 2021)

Mean Species Abundance (MSA) Average abundance of species relative to

undisturbed conditions.

(Alkemade et al., 2009;

Janse et al., 2015; Wilting

et al., 2017; Marquardt

et al., 2019; Barbarossa

et al., 2020;

Gallego‐Zamorano et al.,

2020; Schipper et al.,

2020)

Continued on next page
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Type Metric Description Example

Species‐threats Associations between species and their

known anthropogenic threats.

(Lenzen et al., 2012;

Nishijima et al., 2016;

Moran & Kanemoto,

2017; Holland et al.,

2019; Mair et al., 2021;

Irwin et al., 2022)

Species/Ecosystem‐targets Targets species or ecosystems as a reference

baseline and proxy indicator.

(Vogtländer et al., 2004;

Emanuelsson et al., 2014;

Nishijima et al., 2016;

Rossi et al., 2018;

Myllyviita et al., 2019;

Bach et al., 2022;

Alejandre et al., 2023;

É. Pierrat et al., 2023)

Continued on next page
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Type Metric Description Example

Impact assessment Area‐related Metrics that model how habitat

fragmentation affect species.

(Goedkoop & Spriensma,

1999; Köllner, 2000;

Jolliet et al., 2003;

Koellner & Scholz, 2008;

De Schryver et al., 2010;

de Baan, Mutel, et al.,

2013; Chaudhary et al.,

2015, 2017; Knudsen

et al., 2017; Chaudhary &

Brooks, 2018; Chaudhary

et al., 2018; C. M. Iordan

et al., 2018; Chaudhary &

Brooks, 2019; Marques

et al., 2019; Verones

et al., 2020; Kuipers, May,

& Verones, 2021; Scherer

et al., 2023)

Continued on next page
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Type Metric Description Example

Cause‐effect Models linking pressures (e.g., pollution,

water level change) to biodiversity impacts.

(De Schryver et al., 2009;

Goedkoop et al., 2009;

M. Huijbregts et al., 2016;

M. A. J. Huijbregts et al.,

2017; L. Tang et al., 2018;

Yamaguchi et al., 2018;

Bulle et al., 2019;

Verones et al., 2020;

E. Pierrat et al., 2023)

Nutrient Effects of nutrient pollution (e.g., nitrogen,

phosphorus) on freshwater and marine

eutrophication.

(Struijs et al., 2011;

Helmes et al., 2012;

Cosme et al., 2015;

Cosme & Hauschild,

2016; Cosme &

Hauschild, 2017; Cosme

et al., 2017; Payen et al.,

2021)

Acidifying Biodiversity effects of emissions like SO₂ and

NOₓ causing acidification.

(Van Zelm et al., 2007;

Roy et al., 2014)

Continued on next page
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Type Metric Description Example

Toxic Impacts of chemical pollutants (e.g., metals,

pesticides) on terrestrial and aquatic

biodiversity.

(Gandhi et al., 2010;

Dong et al., 2016; Woods

et al., 2019; Casagrande

et al., 2024)

Thermal Impacts of heated discharges on aquatic

biodiversity.

(Pfister & Suh, 2015;

Raptis et al., 2017; Li

et al., 2022)

Plastic Damage to marine and freshwater species

from plastic debris, including micro‐ and

nanoplastics.

(Woods et al., 2019;

Lavoie et al., 2022)

Noise Disruption of communication and behaviour

in species from anthropogenic noise.

(Middel & Verones, 2017)

Invasive species Biodiversity loss from species invasions

facilitated by human activity.

(Hanafiah et al., 2013;

Borgelt et al., 2024)

Other Miscellaneous cause‐effect pathways

including salinity, suspended solids, radiation,

etc.

(Quinteiro et al., 2015;

Roibás‐Rozas et al., 2022)
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Figure 2: Biodiversity metric assessment categories and frameworks. (A) Article similarity network of 154 re‐
viewed papers, clustered by assessment family (IA: Impact Assessment, PI: Pressure‐Impact, SB: State‐Based,
TE: Theoretical Ecology). Node color shows publication year (lighter to darker), and position reflects shared
frameworks/models. (B) WordCloud of frameworks/models colored by assessment family. See Supporting
Figures 4–10 and Table 8 for detailed networks and data.

To further explore how these metric families have evolved and how they relate to one another conceptually172
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and empirically, we constructed a co‐citation network based on the reviewed literature and the literature173

these used as part of their methods to assemble the biodiversity metrics (Supporting Figures 5‐10). The174

network reveals how different schools of thought and disciplinary clusters have shaped the development of175

biodiversitymetrics, including a core of ecology and conservation studies (Panel A), a transition zone including176

global biodiversity modelling and data integration (Panel B), and an applied assessment cluster focused on177

those articles that effectively enable a characterization of anthropogenic impacts on biodiversity (Panel C).178

These clusters also reflect differences in the ecological models employed (e.g., species–area relationships,179

sensitivity distributions) and the realms (terrestrial, freshwater, marine) to which the metrics are typically180

applied. This structure reinforces the need for interdisciplinary synthesis to ensure that biodiversity assess‐181

ments fully capture ecosystem structure, function, and resilience across domains of research and application.182

Overall, these findings demonstrate that although biodiversity metrics originate from diverse disciplinary183

backgrounds and conceptual foundations, there is a progressive convergence toward more integrative, mech‐184

anistic models linking anthropogenic activities to biodiversity impacts. However, important distinctions per‐185

sist in the ecological models used, the pressures captured, and the spatial and taxonomic resolution achieved186

across families, which we detail further in the next sections.187

2.2 Biodiversity metrics ecological models188

Except for land use and partially other compound pressures‐drivers (e.g., May et al. (2020); May et al. (2021)189

considered the disturbances and collisions of birds, and Alkemade et al. (2009); Schipper et al. (2020) who190

considered hunting), most of all impact assessment metrics (55) are constructed considering effect, fate,191

exposure, and some damage or severity factors (see Box 2.2 and Equation (1)). Regarding model selection192

to assemble the metrics, while some biodiversity metrics rely on expert judgement (e.g., Biggs and Scholes193

(2005); Jeanneret et al. (2014); Winter et al. (2018); Turner et al. (2019); Alejandre et al. (2023)), there has194

been a shift from qualitative (5) approaches to predominantly quantitative (144) ecological models. Some195

state‐based/pressure‐impact metrics, due to their nature, are typically unitless and designed as indices (e.g.,196

Hemeroby with the Natural Degradation Index (Brentrup et al., 2002; Farmery et al., 2017), Biodiversity197

Intactness Index (Biggs & Scholes, 2005), Human Footprint Index (Sanderson et al., 2002; Venter, Sanderson,198

Magrach, Allan, Beher, Jones, Possingham, Laurance, Wood, Fekete, Levy, &Watson, 2016, 2016; Keys et al.,199

2021), or the Living Planet Index (Loh et al., 1998, 2005; McRae et al., 2017; Westveer et al., 2022)).200

201

202
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Box 2.2 Impact assessment (Industrial Ecology‐related) metrics construction and use.203

204

205

Impact assessment metrics are mostly used in LCA and EEMRIO. These metrics translate and characterize206

anthropogenic activities and their corresponding impacts at various stages by integrating multiple impact‐207

chain pathways (cause‐effect) and datasets (see Figure 3). For instance:208

• Anthropogenic pressures are derived from activity inventories and translated using characterization209

factors with common units. For example, all greenhouse gasses (GHG) are expressed in terms of carbon210

dioxide equivalent per kilogram of emitted GHG.211

• Midpoint level indicators represent intermediate environmental effects, such as terrestrial acidification,212

eutrophication, climate change, or land transformation, each with a specific characterization factor.213

• Damage level indicators aggregate midpoint effects into impact categories and link them to an Area214

of Protection (AoP), such as ecosystem quality for biodiversity via an endpoint indicator. AoPs are215

categories relevant to society that should be safeguarded and are consensually agreed (UNEP & SETAC216

Life Cycle Initiative, 2016, 2019).217

Figure 3: Industrial ecology metrics cause‐effect chain with existing covered pathways for biodiversity as‐
sessment.

The construction of industrial ecology metrics varies based on the impact category and the method used to218

harmonize different drivers and pressures. These metrics typically include various factors (see Equation (1)).219 𝐶𝐹 = 𝐸𝐹 ∗ 𝐹𝐹 ∗ 𝑋𝐹 ∗ (𝑉 𝐹/𝑆𝐹/𝐷𝐹) (1)

Factors description:220

• Effect (EF): models how species are affected by changes in the environment caused by exposure to a221

pollutant.222

• Fate (FF): describes the distribution and transformation over time of a substance in a given environ‐223

mental compartment (air, soil, or water).224

• Exposure (XF): quantifies the extent to which an ecosystem or species comes into contact with a pol‐225

lutant at a given concentration.226
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• Vulnerability (VF): “translate species loss from regional to global” (Verones et al., 2020, p. 1206)227

• Damage (DF)/Severity (SF): this translates to themidpoint impact and the resulting damage to a specific228

area of protection given the intensity of damage caused by a specific impact on the endpoint.229

In impact assessment families, biodiversity metrics are expressed as Potentially Disappeared Fraction of230

species (PDF) (setaclifecycleinitiative2016GlobalGuidanceLife, UNEP & SETAC Life Cycle Initiative, 2019), a231

term that originated from vascular plant characterisation, and is related to Potentially Not‐Occurring Fraction232

of species (PNOF) and Potentially Affected Fraction of species (PAF) from ecotoxicology and environmen‐233

tal sciences. At the midpoint level, PAF is usually used. Harmonisation occurs at endpoint categories that234

aggregate impacts across different pressures.235

236

237

We identified several impact assessment families (methods) that cover biodiversity such as Eco‐indicator 99238

(Goedkoop & Spriensma, 1999), Impact World + (Bulle et al., 2019), ReCiPe (Goedkoop et al., 2009; M. Hui‐239

jbregts et al., 2016; M. A. J. Huijbregts et al., 2017), LC‐Impact (Verones et al., 2020), and Global Guidance240

for Life Cycle Impact Assessment Indicators and Methods (GLAM). These families assemble the effect fac‐241

tor mostly around three ecological models (Table 2; Supporting Information), with some alternating models.242

These models underpin biodiversity assessments by linking human activities to impacts on species. In many243

cases, the models are specific to assess individual pressures and include a set of unique or diversified species244

groups across different realms and ecosystems. Historically, vascular plants have served as proxies for bio‐245

diversity assessment across pressure and models. Nonetheless, new developments in ecological models,246

combined with data availability and species responses, have allowed biodiversity to be better captured and247

included in human activities’ characterisation and corresponding impacts.248
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Table 2: Ecological models used in biodiversity impact assessment, with associated pressures, realms, descriptions, references, and applications.

Model Name Pressures Realms Description References Applications

SAR Species–Area

Relationship

Land use and

change

Terrestrial,

Freshwater

Relates species richness to area and

how ecosystem fragmentation al‐

ters species distribution.

Arrhenius, 1921;

MacArthur and Wilson,

1967; Myers and Simon,

1994; Rosenzweig, 1995

Goedkoop and Spriensma,

1999; Köllner, 2000; Wei‐

dema and Lindeijer, 2001;

Schmidt, 2008; Verones et

al., 2015

cSAR Countryside

SAR

Land use and

change

Terrestrial Extends SAR to account for land use

types and species’ habitat afÏnities.

Pereira and Daily, 2006;

Pereira et al., 2014

Chaudhary et al., 2015;

Chaudhary and Brooks,

2018; Verones et al., 2020

mcSAR Matrix‐

calibrated

cSAR

Land use and

change

Terrestrial Extends SAR to incorporate species’

varying sensitivities to different land

use matrix arrangements.

Koh et al., 2010 de Baan, Alkemade, and

Koellner, 2013; Chaudhary

et al., 2015; Bulle et al.,

2019

SFAR Species‐

Fragmented

Area Relation‐

ship

Land use and

change

Terrestrial Considers how habitat fragmenta‐

tion and patch isolation can support

viable population groups through

metapopulation capacities.

Hanski and Ovaskainen,

2000; Hanski et al., 2013

Larrey‐Lassalle, Loiseau, et

al., 2018

cSFAR Countryside‐

SFAR

Land use and

change

Terrestrial Refines species afÏnities and sensi‐

tivities to diverse landscape matrix,

habitat fragmentation while incor‐

porating metapopulation dynamics.

Larrey‐Lassalle, Esnouf, et

al., 2018

Larrey‐Lassalle, Loiseau, et

al., 2018
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Model Name Pressures Realms Description References Applications

SHR Species Habitat

Relationship

Land use and

change

Terrestrial Combines habitat suitability (via c‐

SAR) and connectivity (via ECA) to

assess the impacts of habitat loss

and fragmentation, accounting for

patch size, connectivity, and matrix

quality.

Saura et al., 2011; Kuipers,

Hilbers, et al., 2021

Kuipers, May, and Verones,

2021

ECA Equivalent Con‐

nected Area

Land use and

change

Terrestrial Represents the area of a single habi‐

tat patch that provides the same

probability of connectivity as the

actual, potentially fragmented land‐

scape.

Saura et al., 2011; Garcia‐

Ulloa et al., 2016

Scherer et al., 2023

SDR Species Dis‐

charge Relation‐

ship

Water consump‐

tion, climate

change

Freshwater Captures the accumulation or loss

of species in response to increasing

or decreasing water discharge, re‐

flecting changes in habitat availabil‐

ity, suitability, and dispersal along

aquatic flow gradients.

Xenopoulos et al., 2005;

Xenopoulos and Lodge,

2006

Hanafiah et al., 2011; Ten‐

dall et al., 2014; Dorber et

al., 2019; E. Pierrat et al.,

2023
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Model Name Pressures Realms Description References Applications

SSD Species Sensi‐

tivity Distribu‐

tion

Climate change,

pollution (e.g.,

toxic, acidifying,

air, nutrient, ther‐

mal, noise, plastic)

Terrestrial,

Freshwa‐

ter, Marine

Models species’ tolerance to en‐

vironmental contaminants using

dose–response curves derived from

toxicity thresholds (e.g., EC50,

LC50, NOEC, LOEC), providing a

probabilistic estimate of the fraction

of species affected.

Hamers et al., 1996;

Posthuma et al., 2001;

Fantke et al., 2017

Goedkoop and Spriensma,

1999; Jolliet et al., 2003;

Van Zelm et al., 2007; Roy

et al., 2014; Quinteiro

et al., 2015; Cosme and

Hauschild, 2016; M. A. J.

Huijbregts et al., 2017;

Verones et al., 2020; Li

et al., 2022; Scherer et al.,

2022; Y. Tang et al., 2022;

Casagrande et al., 2024
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3 Discussion249

We identified contrasting differences in how biodiversity is measured and how metrics are constructed. On250

the one hand, some metrics assess the state of biodiversity at a given point in time (e.g. traditionally from251

fields such as ecology, biology, and conservation), producing indices (e.g. alpha, beta, gamma, species rich‐252

ness, abundance) that may or may not relate to a baseline, usually do not actively characterize anthropogenic253

impacts yet they have been applied to characterize impacts of land use change. On the other hand, impact‐254

oriented metrics explicitly assess biodiversity loss due to production and consumption activities, incorporat‐255

ing various pressures. Given industrial ecology’s focus onmeasuring biodiversity impacts across supply chains256

(e.g., LCA, EEMRIO), the field has actively developed metrics that translate and characterise anthropogenic257

activities as impacts on biodiversity. This has resulted in sufÏcient metrics to assess existing production and258

consumption impacts across all drivers of biodiversity loss. However, stark differences arise in what is mea‐259

sured, through which ecological models, and how spatio‐temporal scales and biodiversity components are260

considered.261

3.1 Biodiversity metrics gaps262

Although biodiversity metrics cover many anthropogenic pressures, terrestrial and freshwater ecosystems263

are far larger represented, limiting the inclusion of marine biodiversity reducing its evolutionary importance.264

Furthermore, species richness is commonly assessed but gaps exist in how scholars report on the species265

used to assemble their models and species coverage, with many underrepresented groups (Figure 4).266
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Figure 4: Percentage of species groups covered in relation to IUCN estimated percentage of described species
(IUCN, 2024). Articles above 100% of described species have used subspecies.

3.1.1 Challenges in Data Availability and Harmonization267

One of the most significant challenges for biodiversity metrics lies in harmonising and updating large‐scale268

biodiversity datasets. For instance, many metrics are built at the ecoregion level using species richness data269

recovered from the IUCN Red List of Species (IUCN, 2024) and BirdLife International (International, 2024).270

Particularly for the IUCN Red List of Species, while it is an authoritative database it suffers from (i) lack of271

assessments for certain species groups with a large number of species (e.g., fungi, insects, vascular plants)272

(Bachman et al., 2019); (ii) significant delays in updating species information threat levels; and (iii) has acces‐273

sibility issues (Cazalis et al., 2022, 2024).274

Beyond global databases, some biodiversity metrics rely on national‐level biodiversity records such as US275

EPA (TrotÝer et al., 2021) or Norwegian records (Dorber et al., 2019). However, national‐level databases276

present additional challenges as they are limited to reported species within national jurisdictions, whichmight277

not match in name or species group classification, and accessing them may be easy only for local teams.278

Consequently, reliance on national databases hinders cross‐regional comparisons, reducing their applicability279

for global biodiversity assessments.280

To address some of these gaps, researchers have developed metrics using specialized biodiversity databases,281

such as OBIS (Ocean Biodiversity Information System) (IOC‐UNESCO, 2024), WWF WildFinder (WWF,282
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2006), GLOBIO (Alkemade et al., 2009), and PREDICTS (Hudson et al., 2014, 2017), and while they offer283

focused insights, their integration into biodiversity metrics remains partial. For instance, OBIS provides284

extensive marine biodiversity data, but lacks species behaviour and response data, limiting its application285

in impact assessments. In contrast, PREDICTS and GLOBIO effectively capture species richness and286

abundance under specific ecosystem conditions, yet (i) are primarily focused on terrestrial ecosystems; (ii)287

cover only a fraction of known species per region; (iii) have significant data gaps (“blackspots”) for species288

worldwide. Few databases comprehensively cover marine and freshwater ecosystems. Notable exceptions289

include GLOBIO‐Aquatic (Janse et al., 2015) that incorporates pressures such as land use, flow alteration,290

eutrophication, and water temperature on species abundance, and Barbarossa et al. (2021) who examine291

climate change‐induced water flow alterations. However, meta‐analysis databases that integrate biodiversity292

responses to anthropogenic pressures across aquatic realms remain scarce, limiting the ability to align these293

ecosystems with existing models and metrics.294

Adding to these challenges, the uneven global distribution of biodiversity data exacerbates gaps, as research is295

often concentrated in well‐funded regions. Socio‐economic factors, governance issues, and linguistic barriers296

further hinder biodiversity data collection and reporting (Smith et al., 2003; Christie et al., 2012; Amano &297

Sutherland, 2013; Turak et al., 2017; Stepping & Meijer, 2018; Hochkirch et al., 2021; Smit et al., 2022).298

Overall, these limitations highlight the need for more comprehensive biodiversity databases that integrate299

species behaviour, ecological responses, and broader taxonomic coverage. Improving and harmonizing these300

datasets will enhance biodiversity impact assessments, making themmore representative, globally applicable,301

and effective in tracking ecosystem changes.302

3.1.2 Spatial‐, temporal‐, geographical‐, gaps303

Although species data remains a hurdle, other spatial, temporal, and geographically associated challenges are304

specific to the different pressures affecting biodiversity. For instance, terrestrial and freshwater ecosystems305

gaps stem from (i) the choice in land use and cover classes, (ii) the management regimes, and (iii) the ecological306

model choice. Particularly for terrestrial ecosystems, manymethods classify land use broadly (e.g., agriculture,307

urban areas), while others distinguish between primary/secondary forests or intensive/extensive land use,308

drastically hindering the applicability and comparability of the metrics and the resulting impacts when used309

in biodiversity assessments (Chaudhary et al., 2015; Kuipers, May, &Verones, 2021; Scherer et al., 2023). This310

is further exacerbated given the inclusion or exclusion of management regimes (e.g., minimal, light, intense)311

across land use and cover classes (Supporting Figure 11).312
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Another challenge stems from ecosystem recovery assumptions. Many industrial ecology metrics assume313

no human intervention takes place and ecosystems may or may not recover to a pristine state (de Baan et314

al., 2015). Meanwhile, species‐targets metrics assume an active human intervention through restoration,315

shortening the recovery time (Irwin et al., 2022). However, research suggests that ecosystems might be316

better off without any active restoration unless the ecosystem is severely degraded (H. P. Jones et al., 2018).317

This distinction is also affected by the recovery times used for both metrics, largely differing among them,318

ranging from 10 to about 40 years (Curran et al., 2014; H. P. Jones et al., 2018).319

Marine biodiversity metrics lag significantly behind their terrestrial and freshwater counterparts, often by320

more than a decade. This disparity stems from limitations in species representation, the range of pressures321

assessed, and the ecological models employed. Early efforts to bridge these gaps include the work of Cosme322

and Hauschild (2016), who compiled a dataset on species sensitivity to hypoxia, focusing on benthic, dem‐323

ersal, and benthopelagic species. Their subsequent model linked nitrogen pollution to its effects on marine324

biota, incorporating data from 91 demersal species, including fishes, crustaceans, molluscs, echinoderms, an‐325

nelids, and cnidarians (Cosme&Hauschild, 2017). Similarly, Middel and Verones (2017) examined the impacts326

ofmarine noise pollution on cetaceans, whileWoods et al. (2019) assessed plastic debris entanglement across327

344 species (Kühn et al., 2015). Further advancing marine impact assessments, Scherer et al. (2022) included328

179 species in their ocean acidification model. Despite these contributions, existing datasets capture only329

a fraction of marine biodiversity, covering a limited subset of the estimated 246,000 known marine species330

(WoRMS, 2024).331

Beyond data limitations, ecological models themselves face a set of challenges. Many rely on species‐level332

data and the regional specificity of pressures across realms, leading to inconsistencies across spatial and333

temporal scales. While species sensitivities, habitats, endemism, and distributions are considered (Kuipers334

et al., 2019; Verones et al., 2022), the metrics often assume homogeneity or linearity in species responses.335

Additionally, the temporal resolution of all the family metrics is similarly constrained, as they are anchored336

to fate models or entry datasets that define an ecosystem’s baseline state at specific point in time. These337

reference years vary across models and are available at different resolutions, further complicating cross‐study338

comparisons.339

3.1.3 Missing biodiversity components340

While existing biodiversity metrics capture certain aspects of biodiversity loss, significant gaps remain, par‐341

ticularly in phylogenetic, functional, genetic, and ecosystem diversity (Figure 1). Most metrics are primarily342
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based on species richness, often neglecting evolutionary relationships, ecological roles, and genetic variabil‐343

ity. This limitation restricts our ability to fully assess biodiversity loss and its broader ecological consequences.344

Except for a few metrics on terrestrial and freshwater ecosystems that have a great species coverage for345

birds, amphibians, reptiles, mammals and partially vascular plants, other species groups like non‐insect inver‐346

tebrates, lichens, insects, fungi, fishes and bryophytes remain highly or entirely underrepresented (Figure 4.347

This pattern is even more pronounced in marine ecosystems, where data on fishes, algae, vascular plants, and348

non‐insect invertebrates is scarce, fragmented, or lacks standardization, leading to their exclusion from bio‐349

diversity models. Efforts such as Chaudhary et al. (2018) have attempted to address evolutionary loss under350

anthropogenic pressures, but these remain limited to terrestrial ecosystems and cannot be directly linked to351

activity‐based data for impact assessments. Similarly, de Souza et al. (2013) and Scherer et al. (2020) devel‐352

oped metrics based on functional diversity, focusing on species traits in birds, mammals, and plants, yet these353

are confined to land‐use‐driven changes and suffer from limited taxonomic scope.354

In parallel, ecosystem‐level metrics, such as those focusing on net primary productivity (NPP) (Weidema &355

Lindeijer, 2001; Weinzettel et al., 2019), provide insights into human‐induced changes in ecosystem produc‐356

tivity but fail to account for species‐specific contributions to productivity, thereby overlooking key aspects357

of ecosystem functionality. Similarly, genetic diversity, essential for population resilience and ecosystem358

functionality (Hughes & Stachowicz, 2004; Engelhardt et al., 2014; Salo & Gustafsson, 2016), is largely ab‐359

sent from current models. Species richness alone does not indicate whether populations maintain sufÏcient360

genetic variation for long‐term evolutionary adaptability. Furthermore, existing evidence indicates that ge‐361

netic erosion is directly attributable to anthropogenic threats on species, making species more vulnerable to362

environmental challenges and diseases (Shaw et al., 2025). Recent evidence from empirical and simulated363

data shows that anthropogenic pressures on terrestrial ecosystems first cause declines in species abundance,364

which in turn may lead to local extinctions. Mean Species Abundance (MSA) loss has been shown to consis‐365

tently precede increases in the Potentially Disappeared Fraction of species (PDF), underscoring MSA’s value366

as a sensitive, early‐warning indicator of biodiversity change (Kuipers et al., 2025).367

Emerging tools such as environmental DNA (eDNA) offer promising avenues for mapping species richness and368

partial abundance across terrestrial, freshwater, and marine ecosystems (Carraro et al., 2018; Beng & Corlett,369

2020; Jo, 2023; Granqvist et al., 2025). However, these data are still nascent and absent from biodiversity370

models. Consequently, the absence of amulti‐dimensional approach ‐ incorporating phylogenetic, functional,371

genetic, and ecosystem diversity ‐ limits our ability to fully assess biodiversity loss and its long‐term ecological372

and evolutionary consequences (Burgess et al., 2024). Addressing these gaps is critical for developing more373

comprehensive, policy‐relevant or corporate‐private biodiversity assessments.374
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3.2 Biodiversity frontiers375

We identified biodiversity frontiers on five fronts: (i) expanding taxonomic inclusion in ecological models,376

(ii) developing novel methods that account for the different levels and components of biodiversity across377

individual and cross‐sectional realms, (iii) the inclusion and refinement of more and existing impact pathways378

to capture the full range of anthropogenic pressures, (iv) the integration of metrics with concepts of ecological379

carrying capacity, tipping points, stress, scarcity and thresholds, and (v) shifting from stand‐alone indicators380

toward multi‐metric approaches to communicate differentiated biodiversity impacts.381

First, while biodiversity metrics have moved beyond simple species proxies to incorporate broader taxonomic382

groups—such as vascular plants, mammals, reptiles, amphibians, and birds in terrestrial ecosystems—many383

known species remain underrepresented (Figure 4). This gap is particularly stark in freshwater and marine384

ecosystems, where many taxa are missing. Future efforts should focus on including species with similar traits385

or functional dependencies across trophic levels to enhance ecological representation.386

Second, although some biodiversity metrics for terrestrial ecosystems integrate functional traits of birds,387

mammals, and plants, their application remains largely geographically constrained. For instance, de Souza388

et al. (2013) focused on North America, while Scherer et al. (2020) refined plant trait assessments primarily389

for Europe. The recent study by Rosa et al. (2025) further highlights how land‐use change alters plant func‐390

tional diversity, showing that anthropogenic landscapes tend to reduce functional richness and divergence391

while increasing functional evenness. Their findings suggest that land‐use modifications lead to functional392

homogenization, where dominant species in human‐modified environments exhibit narrower trait distribu‐393

tions compared to those in natural habitats. Given advances in data availability, computational power, and394

novel tools like artificial intelligence filling these gaps by extrapolating species traits based on ecological sim‐395

ilarities, enables a more comprehensive integration of functional diversity across all ecosystems. Expanding396

these approached beyond vascular plants and terrestrial ecosystems remains a key frontier for biodiversity397

metrics.398

Third, biodiversity is affected by individual and multiple interacting stressors, particularly those linked to399

climate change. For instance, rising anthropogenic greenhouse gasses alter precipitation patterns, increase400

streamflow variability and water temperature (Kernan et al., 2010; Poff, 2018; Barbarossa et al., 2021). Fur‐401

thermore, climate change also contributes to extreme sudden events such as floods, hurricanes, and heat‐402

waves that cause an additional burden on biodiversity, increasing extinction risks (Teixidó et al., 2013; Liu et403

al., 2015; Sintayehu, 2018; Maxwell et al., 2019; Smale et al., 2019; Román‐Palacios &Wiens, 2020; Trisos et404

al., 2020; Manes et al., 2021; Zhang et al., 2021; Sabater et al., 2023). Frontiers methods incorporate spatially405

28



explicit assessments of precipitation shifts andwater flow alterations (Li et al., 2022), evaluate extinction risks406

driven by climate change in freshwater ecosystems (De Visser et al., 2023) , and model species‐specific re‐407

sponses to temperature fluctuations induced by rising GHG emissions in terrestrial and marine environments408

(C.‐M. Iordan et al., 2023).409

Fourth, biodiversity metrics must integrate Earth system processes to identify thresholds where ecosystems410

transition from stability to decline (Mace et al., 2014; Steffen et al., 2015). This requires linking biodiversity411

assessments to ecological carrying capacities and tipping points, beyond which ecosystems may experience412

irreversible damage (Odum, 1971; Carpenter et al., 2001; Sayre, 2008; Bjørn & Hauschild, 2015). Notable413

advancements include Fabbri et al. (2022), who developed a metric assessing how GHG emissions contribute414

to surpassing tipping points in biodiversity loss, and É. Pierrat et al. (2023), who incorporated water stress415

and pollution thresholds to evaluate the combined impacts of multiple pressures on ecosystem resilience.416

Finally, future research should prioritize the integration of multiple biodiversity metrics rather than relying417

on stand‐alone indicators. A more comprehensive approach, combining species‐based assessments, ecosys‐418

tem functioning metrics, and climate‐related stressors, would provide a clearer picture of how biodiversity is419

affected across scales and regions. Recent work by Rabeschini et al. (2025) illustrates that applying multiple,420

methodologically diverse indicators to the same system can reveal distinct yet complementary insights into421

biodiversity loss and its drivers. Such integration helps disentangle the relative influence of indicator design,422

input data, and spatial–temporal scale in shaping assessments. Addressing these frontiers will be essential423

for developing more robust, policy‐relevant biodiversity assessments that effectively guide conservation and424

sustainability efforts.425

4 Conslusion426

Our review reveals that although significant advances have beenmade in quantifying the biodiversity impacts427

of human production and consumption, important challenges remain. Biodiversity footprinting metrics have428

diversified over the past two decades, moving from simple assessments limited in scope to land use and429

vascular plants as proxies for biodiversity, towards broader frameworks capturing climate change, pollution430

and invasive species. Nevertheless, no single metric or family of metrics comprehensively captures the full431

multidimensional nature of biodiversity, spanning genes, species, and ecosystems.432

While industrial ecology, and its modelling tools such as LCA and EEMRIO, has been largely dominated by433

area‐related and cause‐effect impact assessment metrics, state‐based, pressure‐impact and theoretical ecol‐434
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ogy metrics remain essential for capturing the structure and functioning of ecosystems. Despite a conver‐435

gence around certain mechanistic ecological models—such as species–area relationships, species discharge436

relationships, and species sensitivity distributions—there remains a fragmentation across scales, taxa, and en‐437

vironmental pressures under assessment. Marine and freshwater biodiversity, functional and phylogenetic438

diversity, and complex multiple‐pressure pathways remain especially underrepresented.439

Looking ahead, advancing biodiversity metrics requires deeper interdisciplinary integration between conser‐440

vation biology, ecology, and industrial ecology. Expanding taxonomic coverage, enhancing existing biodiver‐441

sity databases, improving pressure‐specific impact modelling, incorporating spatial and temporal dynamics,442

and linking with ecological thresholds and planetary boundaries are crucial frontiers. Equally important is har‐443

monizing footprinting efforts with emerging policy and corporate frameworks aimed at halting and reversing444

biodiversity loss.445

Moving away from single indicators, while developing a next generation of complementary multi‐faceted bio‐446

diversity metrics, globally representative, aligned with policy‐ and corporate relevant efforts, will be essential447

for effectively accounting for impacts of production and consumption on biodiversity.448
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5 Methods449

5.1 Study design450

Scoping reviews are suitable for studying topics spanning scientific disciplines and have yet to be reviewed451

in a detailed and structured manner, so that research gaps can be identified. We followed and adapted the452

checklist from PRISMA Extension for Scoping Reviews (PRISMA‐ScR) (Tricco et al., 2018) and the Reporting453

Standards for Systematic Evidence Syntheses (ROSES) for Systematic Map Reports (Haddaway et al., 2017)454

(see Supporting Figure 1). Searches were conducted in April 2023 and retested in January 2024 using Ope‐455

nAlex (Priem et al., 2022) and PyAlex (De Bruin, 2023). OpenAlex is an open‐access bibliographic catalogue456

of scientific research including more than 250 million scholarly works. We decided on this database as it has457

been proven to show a good degree of scholarly records coverage, with their corresponding metadata, com‐458

pared to databases behind a paywall (e.g., Scopus, Web of Science) and search engines (e.g. Google Scholar,459

Semantic Scholar) (Culbert et al., 2024; Delgado‐Quirós & Ortega, 2024). Using Natural Language Process‐460

ing and the cosine similarity index, combined with a set of benchmark articles (see Supporting Table 1), we461

reduced the retrieved OpenAlex corpus to titles and abstracts, which were further screened according to462

the eligibility criteria (see Supporting Table 2). Additionally, we included opportunistic peer‐reviewed articles463

published while assembling this manuscript and grey literature on biodiversity metrics assessed as part of464

significant reviews not captured by our search terms, OpenAlex, or our methodology (see Supporting Table465

1). An initial consistency check was performed independently on 50% of the benchmark articles to control466

for selection bias across all researchers. Once potential divergences were clarified, one researcher (DIAO)467

screened the reduced trained corpus on a title and abstract basis and further analysed the full text for their468

inclusion or exclusion.469

5.2 Eligibility criteria470

We included articles that assessed different biodiversity components (e.g. phylogenetic, functional, and tax‐471

onomic) at various levels (e.g. genes, species, and ecosystems). No geographic limitations were imposed for472

research origins or level of assessment (e.g. global, national, regional, or local). The inclusion/exclusion de‐473

cisions were based on an eligibility criteria matrix (see Supporting Table 2) and reported at each screening474

stage (title, abstract, and full text). While this is not mandatory by the PRISMA Protocol for Scoping Re‐475

views, it is recommended by the Collaboration for Environmental Evidence (CEE) methodological steps for476

systematic maps in the CEE Guidelines and Standards for Evidence Synthesis v5.1 (CEE, 2022). Primarily, we477
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have included articles ‐ excluding books, chapters, proceedings, editorials, etc.–only in English with quan‐478

titative results or oriented towards quantitative metrics to assess biodiversity. Direct and indirect impacts479

of anthropogenic activities on biodiversity have been considered in the terrestrial, marine, and freshwater480

realms.481

5.3 Search strategy and data charting process482

As a search strategy, we compiled a set of 60 articles known to be relevant to the authors, which were483

classified as benchmarks (see Supporting Table 1). Through iterations in the OpenAlex web interface (Priem484

et al., 2022), we used a single search term that captured the benchmark articles (see Table 3). We reduced485

our search period from 1990 to 2022. Once the articles were filtered in OpenAlex’s database, they were486

downloaded using PyAlex (De Bruin, 2023). In Python v3.7.12, we first removed (1) all retracted articles, (2)487

not in English, (3) not articles (e.g. editorial, dataset, report, book, letter, etc.), (4) articles that were missing488

references, (5) duplicated records, and (6) articles without a DOI. It followed title and abstract screening489

that was done using Natural Language Processing (NLP) with text vectorisation through Term Frequency–490

Inverse Document Frequency (TF‐IDF) (K. S. Jones, 1972; Robertson, 2004; Rajaraman & Ullman, 2011) and491

the cosine similarity (CS) (Singhal, 2001). First, the TF‐IDF model was trained with the benchmark article492

titles applied to the corpus titles, setÝng a threshold above 15% for CS. For articles with missing abstracts,493

we filtered 1,000 for abstract extraction through different tools and packages, such as (1) citationchaser494

(Haddaway et al., 2022) and (2) crossref‐commons (Tkaczyk, 2020) without success. Hence, we manually495

recovered all the possible abstracts. We trained a second TF‐IDF exclusively on the benchmark abstracts used496

in the remaining articles, setÝng a threshold above 13% for CS. Finally, we screened the full‐text articles and497

selected only those relevant to our scoping review. We implemented our methodology using dask v2022.2.0498

(Rocklin, 2015; Dask Development Team, 2016), pandas v1.3.5 (McKinney, 2010; The pandas development499

team, 2020), numpy v1.21.6 (Harris et al., 2020), nltk v3.8.1 (Bird et al., 2009), and sklearn v1.0.2 (Pedregosa500

et al., 2011) packages. All our codes are available on a GitHub repository.501

Table 3: Scoping review search term.

Database Search term Search hits Date range

OpenAlex biodiversity AND (lca OR lcia OR mrio OR eeioa OR ’life cycle’ OR
’life‐cycle’ or ’life cycle assessment’ OR impact) OR (production OR
consumption)

1,186,600 1990 – 2022

Some of the reviewed biodiversity metrics were not captured by the search term in OpenAlex, particularly502

those from gray literature or outside the direct scope of production and consumption. Based on the reviews503
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recovered from our search terms and the set of opportunistic articles (see Supporting Table 1), we used504

backward and forward citations to recover and include missing articles.505

Our coding strategy consisted of retrieving all information from a standardised data extraction document506

based on identified and defined categories (see Supporting Table 3). Based on the benchmark articles, we507

identified commonalities across biodiversity metrics. However, when selecting articles to test the defined508

categories, we observed differences in how researchers reported their methods and study cases. Hence, we509

used a combined deductive and inductive approach to recover all information of interest. The coding of all ar‐510

ticles was undertaken by one reviewer (DIAO), and whenever an article seemed trivial or challenging to code,511

the rest of the co‐authors intervened for validation. Finally, no critical appraisal was done per PRISMA Pro‐512

tocol guidelines (Tricco et al., 2018). Our scoping review process and methods are summarised in Supporting513

Figure 1, which shows a combination of the PRISMA and ROSES flow charts.514
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