
1 

The hidden dimensions of biodiversity 1 

 2 

Domisch, S.1*, Schroer, S.1*, Kimmig, S.1, Kiefer, S.1, Arlinghaus, R.1,2, De Meester, L.1, 3 

Dickerson, A.L. 1, Eisenhauer, N. 3,4, Govaert, L.1, Grigoropoulou, A.1, Grossart, H.-P.5,6, He, F. 4 
1,7, Hilt, S.1, Hölker, F.1, Jähnig, S.C.1,8, Kalinkat, G.1, Kolb, S.9,10, Leger, T.11, Mehner, T.1, 5 

Mietchen, D.1,12, Prochnow, A.10,13, Scheunemann, N.14 , Stoffers, T.1,15, Theuerl, S.10,13, Torres-6 

Cambas, Y.1, Flocco, C.G.16†, Overmann, J.16,17† 7 
 8 

*corresponding authors, equal contribution 9 
† these authors share the last authorship 10 
 11 
1Leibniz Insitute of Freshwater Ecology and Inland Fisheries, Dep. Community and Ecosystem Ecology, 12 
Müggelseedamm 310, 12587 Berlin, Germany 13 
2Division of Integrative Fisheries Management, Faculty of Life Sciences, Humboldt-Universität zu Berlin, Germany 14 
3German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Puschstrasse 4, 04103 Leipzig, 15 
Germany 16 
4Institute of Biology, Leipzig University, Puschstrasse 4, 04103 Leipzig, Germany 17 
5Leibniz Insitute of Freshwater Ecology and Inland Fisheries, Dep. Plankton and Microbial Ecology, Zur Alten 18 
Fischerhütte 2, D-16775 Stechlin, Germany 19 
6Institute of Biochemistry and Biology, Potsdam University, Maulbeerallee 2, D-14469 Potsdam, Germany 20 
7Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, 130102 Changchun, China 21 
8Geography Department, Humboldt-Universität zu Berlin, 10099 Berlin, Germany 22 
9Leibniz Center for Argricultural Landscape Research e.V. - ZALF, Research Area Landscape Functioning, 23 
Eberswalder Str. 84, 15374 Münchberg, Germany 24 
10Thaer Institute, Faculty of Life Sciences, Humboldt University of Berlin, Invalidenstr. 42, 10115 Berlin, Germany 25 
11Museum für Naturkunde Berlin, Leibniz-Institut für Evolutions- und Biodiversitätsforschung, Invalidenstr. 43, D-26 
10115 Berlin, Germany 27 
12FIZ Karlsruhe – Leibniz-Institut für Informationsinfrastruktur, Hermann-von-Helmholtz-Platz 1, D-76344 28 
Eggenstein-Leopoldshafen, Germany 29 
13Leibniz Institute for Agricultural Engineering and Bioeconomy, Max-Eyth-Allee 100, 14469 Potsdam 30 
14Senckenberg Museum of Natural History Görlitz, Am Museum 1, 02826 Görlitz, Germany 31 
15Wageningen University & Research, Aquaculture and Fisheries group, Wageningen, the Netherlands 32 
16Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen, Inhoffenstraße 7B, 38124 33 
Braunschweig, Germany 34 
17Microbiology, Faculty of Life Sciences, Technical University of Braunschweig, Braunschweig, Germany 35 
 36 

 37 

Abstract 38 

Uncovering and describing biodiversity is fundamental to advancing both scientific 39 

understanding and public awareness of nature. While many biodiversity facets are visible and 40 

even in the spotlight, including those biodiversity features we encounter on a daily basis, much 41 

of the world’s biodiversity remains hidden. This review addresses the critical questions: What 42 

dimensions constitute hidden biodiversity? Why does such a large fraction remain hidden, and 43 

what factors contribute to these knowledge gaps? Moreover, why is it important to unveil these 44 

hidden facets? To address these questions, we (i) dissect the various dimensions of hidden 45 

biodiversity, including the taxonomic, spatio-temporal, genetic, functional, social, and 46 

methodological dimensions, and (ii) identify prevalent knowledge gaps. Moreover, we (iii) 47 

highlight possible ways forward on how to deal with hidden biodiversity, and (iv) conclude with 48 

the proposal of guiding principles to shape future research in this field. 49 
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I. Introduction 77 

 78 

Biodiversity refers to the variety and variability of life on Earth, encompassing genetic, species, 79 

community, and ecosystem-level diversity. We have gained an impressive knowledge of 80 

taxonomic diversity, yet we have to acknowledge that this amounts to an estimated share of 81 

merely 10 % of the total richness (Leibniz Research Network Biodiversity 2024; Larsen et al., 82 

2017; Johnson et al., 2016; Eisenhauer, Bonn & Guerra, 2019) or even significantly less 83 

(Overmann, Abt & Sikorski, 2017). New species are constantly being described (with daily 84 

updates available at https://tb.plazi.org/GgServer/static/newToday.html or 85 

https://lpsn.dsmz.de/), especially in some understudied taxonomic groups, often referred to as 86 

“dark taxa” with e.g. about 1,000 new prokaryotic species being discovered per year (Parte et 87 

al., 2020; https://lpsn.dsmz.de/statistics/figure/15). Given that the vast majority of biodiversity 88 

remains “hidden”, an important question arises: how do we define hidden biodiversity, and for 89 

whom is it concealed? Here, we define hidden biodiversity as either (i) unknown biodiversity 90 

that we have yet to uncover, or (ii) known biodiversity that is underexplored or understudied 91 

despite its documented presence (Lindken et al., 2024).  92 

 93 

The general perception is that the hiddenness of a given species is often linked to its body 94 

size, i.e. smaller organisms such as microbes, insects, and even small mammals may be often 95 

overlooked. Yet, there are notable exceptions to this rule, even to the extent that the public’s 96 

scientific knowledge about a particular small-sized organism might be better studied than many 97 

large-bodied ones. For instance, the common ladybug (Coccinella septempunctata), the 98 

common tick (Ixodes ricinus), or even deep-sea tardigrades of the genus Coronarctus may be 99 

well known to the public, and even better studied than large freshwater organisms, such as the 100 

redtail catfish (Phractocephalus hemiliopterus), Malaysian giant turtle (Orlitia borneensis), or 101 

Sunda gharial (Tomistoma schlegelii). This pattern emerges because certain traits can elevate 102 

a small species’ profile: the ladybug, for instance, charms children with its appealing 103 

appearance and helps gardeners by preying on aphids; the tick draws attention due to its role 104 

in transmitting diseases; and the tardigrade fascinates researchers with its remarkable ability 105 

to thrive under extreme conditions. Hence, on the one hand, a taxon’s hiddenness is influenced 106 

not only by size, but also by its abundance, visibility, habitat, and relevance to humans, where 107 

it occurs (e.g. species living below the water surface or in remote areas are more likely to be 108 

overlooked), the difficulty of differentiation from other species, its role or service provided to 109 

humans, its threat to humans or connection to other features that may contribute to its 110 

awareness level. On the other hand, the diversity and variability of abundant and visible 111 

species may be equally hidden, because different species of rodents or dipterans may be 112 

collectively referred to as “mice” or “flies”, respectively. 113 

 114 

Each realm is characterised by its distinct habitat types and harbours varying degrees of 115 

biodiversity. A simple Web of Science search using the terms “biodiversity + realm” reveals 116 

that environments such as forests (i.e., “biodiversity + forest*, 87496 publications as of 117 

21.05.2025), grasslands (17206), and coral reefs (6072) have attracted more research 118 

attention than less accessible habitats like caves (2478), groundwater (2531) or deep-sea 119 

ecosystems (5847). Freshwater ecosystems can be considered isolated while promoting 120 

species isolation and the potential for diversification (Grosberg, Vermeij & Wainwright, 2012). 121 

Similarly, a taxonomic bias towards certain taxa contributes to knowledge gaps, and thus 122 

contribute to hiddenness of biodiversity (Troudet et al., 2017). For instance, vertebrates, 123 

particularly mammals and birds, have been extensively studied and are well-represented in 124 

https://tb.plazi.org/GgServer/static/newToday.html
https://lpsn.dsmz.de/
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public consciousness, while invertebrates and microbial life (insects, fungi, bacteria, and 125 

archaea, among others) are often overlooked despite their vast diversity and ecological 126 

importance; (Eisenhauer et al., 2019; Eisenhauer & Hines, 2021). In addition, cryptic species, 127 

i.e. organisms that are morphologically similar but genetically distinct, are inherently hidden, 128 

particularly among microorganisms. For plankton, genetic delimitation has received less 129 

attention than morphological classification (Morard et al., 2024; Marrone, Fontaneto & Naselli-130 

Flores, 2022; Van den Wyngaert et al., 2022). The same holds for aquatic plants although 131 

many large genera are prone to hybridisation (e.g. Potamogeton: Kaplan & Fehrer, 2013) 132 

which challenges their morphological determination (Espinosa Prieto et al., 2023). Li & Wien 133 

(2023) even estimate that for every insect species described based on morphology, there are 134 

on average 3.1 cryptic species.  135 

 136 

Despite remarkable progress in documenting biodiversity at both global (e.g., Dirzo & Raven, 137 

2003) and national (e.g., Wirth et al., 2024) scales, a large fraction of biodiversity remains 138 

unknown or hidden. This raises several fundamental questions: What exactly constitutes 139 

hidden biodiversity? Why does it remain hidden, and what are the underlying factors 140 

contributing to its hiddenness? Moreover, is it critical to understand and address this hidden 141 

fraction? Here, we discuss possible ways to uncover the different dimensions of hidden 142 

biodiversity, that is, to which extent could hidden biodiversity entities be disentangled from their 143 

ecosystem functions, if at all possible? In other words: should all (hidden) biodiversity be 144 

uncovered, or should the emphasis lie on critical ecosystem functions that deserve the spotlight 145 

and hence targeted resources? 146 

 147 
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II. What is hidden biodiversity? 148 

 149 

Scientific knowledge gaps in biodiversity span multiple dimensions (Fig. 1). These include the 150 

primary unknown in taxonomic, functional and genetic biodiversity, which correspond to the 151 

so-called shortfalls in biodiversity knowledge (Hortal et al., 2015). In addition, they relate to 152 

spatio-temporal, methodological and social dimensions which altogether provide a scaffold to 153 

help disentangle the complexity of hidden biodiversity, as discussed in the following sections 154 

and supported by examples in Table 1. 155 

 156 

 157 
Figure 1 | Scientific knowledge gaps in biodiversity can be related to multiple dimensions. These relate 158 
to knowledge gaps in taxonomical, functional and genetic diversity, as well as spatio-temporal, 159 
methodological and social aspects. Mapping these dimensions help to disentangle the complexity of 160 
hidden biodiversity, which can be also attributed to isolation and remoteness of habitats, data 161 
inaccessibility, human bias and a general lack of interest. We provide examples in Table 1. 162 
 163 
 164 

(a) Taxonomic dimension 165 
The taxonomic dimension is the prevalent one, with 18,000 new species found and described 166 

annually (Zamani et al., 2020), highlighting the knowledge gaps characterised by the Linnean 167 

shortfall (Hortal et al., 2015). In general, our knowledge of taxonomic diversity is skewed 168 

toward larger and charismatic organisms, which tend to be described earlier than smaller 169 

organisms (Collen, Purvis & Gittleman, 2004; Jones et al., 2009). Yet the vast diversity of 170 

multicellular organisms is allocated to invertebrates that represent 75% of all described species 171 

on Earth (Eisenhauer & Hines, 2021). Diversity estimates of Bacteria and Archaea range from 172 

10 million species (Louca et al., 2019) to 1.7 billion species (Larsen et al., 2017), with estimates 173 

for fungal species ranging between 1 and 11 million (Hyde, 2022) to 160 million species, and 174 
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an estimated 160 million protist species (Larsen et al., 2017) on land, in marine (Clerissi et al., 175 

2018), and freshwater environments (Metz et al., 2022). A significant knowledge gap exists in 176 

insect biodiversity, with an estimated 80% of species diversity still undescribed (Stork, 2018). 177 

For example, the number of undescribed species of Hymenoptera and Diptera even in a 178 

temperate country like Germany – with a long tradition of taxonomy as a discipline – amounts 179 

to a few thousands (Buchner et al., 2025). Little is known about parasite diversity (Carlson et 180 

al., 2020). The striking discrepancy between available knowledge and gaps in the taxonomic 181 

dimension can be exemplified with one of the largest biodiversity databases, the Global 182 

Biodiversity Information Facility portal (GBIF, www.gbif.org): two third of the records pertain to 183 

birds, though they represent only 0.2% of the described diversity (Eisenhauer & Hines, 2021; 184 

Srivathsan et al., 2023). 185 

 186 

(b) Functional dimension 187 
Functional diversity refers to “the value and the range of those species and organismal traits 188 
that influence ecosystem functioning” (Tilman, 2001). In recent decades, research on 189 
functional diversity has expanded (Naeem, 2002), but the proliferation of definitions and 190 
measurement methods (Petchey & Gaston, 2006) has made it challenging to obtain accurate 191 
estimates. We lack substantial knowledge on organismic functional diversity in almost every 192 
habitat on Earth, a gap coined also as the Raunkiæran shortfall (Hortal et al., 2015). 193 
Consequently, multiple levels of functional diversity remain hidden, i.e., regarding individuals, 194 
populations, communities, and entire biomes or individual-level traits such as behavioural 195 
variation (Grimm et al., 2025). With the rise of OMICS tools, i.e., shotgun metagenomics, 196 
transcriptomics, proteomics, and metabolomics, or other high-resolution methodologies such 197 
as high-resolution biotelemetry to track behavioural diversity (Nathan et al., 2022), functional 198 
diversity can be assessed even in the absence of sufficient species information. However, 199 
several studies (Basile, 2022; Petchey & Gaston, 2006; Mouillot et al., 2013) suggested that 200 
rare species play a disproportionately important role in functional diversity. Though unknown 201 
and rare species can be extremely important for ecosystem functioning including 202 
biogeochemical cycles and climate feedback (Jousset et al., 2017), they are often being 203 
neglected due to methodological limitations. Thus, it is key to bear the limits of our knowledge 204 
in mind when addressing conservation measures aiming to counteract the current loss of 205 
functional diversity (Mouillot et al., 2013). 206 

 207 

(c) Genetic dimension 208 
Genetic diversity within species has long been overlooked due to the assumption that its effect 209 

could be ignored compared to interspecific differences (Violle et al., 2012; Bolnick et al., 2011). 210 

However, genetic diversity forms the basis for (rapid) evolution to occur, even on ecologically 211 

relevant time scales, resulting in dynamical interactions between ecological and evolutionary 212 

processes (Schoener, 2011; Hendry, 2017). The importance of genetic diversity is given by its 213 

potential to increase the resilience of populations and communities by enabling adaptive 214 

responses to changing environments (Diaz et al., 2013). Moreover, genetic diversity can have 215 

ecological effects comparable to those of species diversity and influence primary productivity, 216 

population recovery from disturbance, interspecific competition, community structure, and 217 

chemodiversity as well as fluxes of energy and nutrients (Des Roches et al., 2018; Hughes et 218 

al., 2008).  219 

With the increasing availability of molecular tools and advances in high-throughput sequencing 220 

technologies, we are now able to produce high-quality reference genomes of an increasing 221 

number of species (Lu et al., 2025) and can reveal the genetic diversity of species populations 222 

as well as adaptive processes (Satam et al., 2023; Lu et al., 2025). Yet, until now, a large 223 

http://www.gbif.org/


7 

fraction of the genetic diversity still cannot be interpreted or remains uncovered. Even though 224 

DNA sequencing is conducted in high throughput, the entire diversity of microbial populations 225 

remains largely unknown, and most genome sequences comprise genes with unknown 226 

functions (Vanni et al., 2022; Overmann et al., 2017). 227 

 228 

(d) Spatio-temporal dimension 229 
The taxonomic dimension is closely linked to the spatial and temporal dimensions of detecting 230 

species, characterised by the Wallacean and Prestonian shortfalls (lack of knowledge in 231 

species distributions and abundance, respectively; Hortal et al., 2015). Life on our planet is 232 

subject to geophysicochemical boundaries captured as “Nature’s envelope” (Patterson, 2022): 233 

biodiversity occurs inside the envelope of spatial and temporal scales relevant for life. Species 234 

rarity contributes to being hidden, considering either spatially restricted occurrences, 235 

regardless of abundance, or low occurrence numbers, regardless of the distribution (Kunin & 236 

Gaston, 1993; Crisfield et al., 2024), both of which reduce its detection probability (McCarthy 237 

et al., 2012; Royle et al., 2012). The latter is often accompanied by a patchy distribution, 238 

particularly evident in soil or benthic flora and fauna, necessitating extensive sampling to 239 

achieve accurate detection and counts within a given area and timeframe. 240 

The temporal dimension is another aspect to measure the “unknown”, and can be split between 241 

short-term dynamics such as diel behaviour, i.e. day- or night-time activity, and long-term, such 242 

as seasonal changes or multi-year life cycles. Biases in biological research, historically 243 

favouring daytime studies, have led to significant data gaps in understanding nocturnal species 244 

(Gaston, 2019). For instance, over 80% of mammalian species listed as data-deficient on the 245 

International Union for Conservation of Nature (IUCN) are listed as nocturnal (Bennie et al., 246 

2014). Likewise, the majority of insect activity is nocturnal (Wong & Didham, 2024), and the 247 

best studied insect groups are — on top of being charismatic — all diurnal, such as butterflies, 248 

dragonflies and damselflies, and bees. In a similar vein, certain ecosystem functions such as 249 

pollination have mostly been studied during the day, despite nocturnal pollination being almost 250 

equally important (Fijen et al., 2023). Consequently, only recently the disruptive impact of 251 

artificial light at night on nocturnal pollination and other night related ecosystem services has 252 

been brought to attention as a significant concern (Buxton et al., 2022; Cox & Gaston, 2024; 253 

Knop et al., 2017; Hölker et al., 2010). 254 

Combined, the spatio-temporal dimension includes species life cycles and migration patterns 255 

where a given species may occupy different parts of the spatial and / or temporal continuum 256 

during its lifecycle impacting also its detection probabilities. For example, inactive life stages 257 

during events such as droughts may not be detected, leading to an underestimation of 258 

abundances if species observations are limited to periods of activity. This issue is also evident 259 

in species with multi-year life cycles, such as certain insects, where not all stages are active 260 

at the same time (Tauber & Tauber, 1981; Heliövaara, Väisänen & Simon, 1994). Aquatic 261 

insects with a freshwater larval stage may be challenging to identify or study in their natural 262 

environment and remain overlooked, likewise leading to an incomplete understanding of their 263 

full life cycles (Dijkstra, Monaghan & Pauls, 2014). Species thus may occupy specific 264 

environmental conditions and their niche may shift spatio-temporally, for example when 265 

crossing ecosystem boundaries, as in the case of such insects or migratory fish. The gaps in 266 

knowledge of species’ ecological niches are described as the Hutchinsonian shortfall (Hortal 267 

et al. 2015). Reasons contributing to this shortfall are seasonal migration but also long-term 268 

adaptation patterns due to climate change, leading to shifting baselines in species 269 

distributions, further challenging the analysis of species niches and biotic interactions. 270 
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A special case of the temporal dimension is non-native / invasive species, which may remain 271 

unnoticed in their newly colonised environment for a long time during their initial lag phase 272 

before possible population explosions (Kelly et al., 2021). Similarly, odd multi-year cycles such 273 

as El Niño and La Niña affect spatial distributions through temporal climatic contingencies 274 

(Ávila-Jiménez, Gutiérrez & Altamiranda-Saavedra, 2024). 275 

  276 

(e) Methodological dimension 277 
Given methodological shortcomings and challenges in sampling procedures, entire 278 

ecosystems may be considered hidden. Isolated habitats and areas are hard to access, such 279 

as caves, high mountain sites, tropical rainforest, deep ocean, and extreme environments in 280 

general (Mammola et al., 2019; Basnet et al., 2019; Schultz et al., 2023). Biodiversity in soils 281 

and aquatic habitats remains “below the surface” and has a low detection probability. In fact, 282 

soils are among the most concealed terrestrial habitats, even though they have long been 283 

recognised as exceptionally biodiverse (Anthony, Bender & van der Heijden, 2023). The low 284 

accessibility of soil organisms requiring different extraction methods depending on the 285 

organism group, high numbers of (cryptic) species and low number of taxonomic experts for 286 

some groups of organisms combined lead to a high disparity in estimated versus undescribed 287 

species in every group of soil meso- and microfauna (Geisen et al., 2019). Likewise, in the 288 

marine realm, two-thirds of all species are estimated to be described, and especially the deep-289 

sea encompassing 95% of the ocean’s volume can be considered the least explored 290 

environment on Earth (Danovaro et al., 2017; Costello & Chaudhary, 2017). 291 

The habitat or ecosystem accessibility relates to sampling and extraction procedures specific 292 

to respective organisms (Flocco, Mac Cormack & Smalla, 2019; Hughes et al., 2021). In 293 

addition, geographical bias induced by the location of researchers, safety issues in several 294 

regions, as well as differences in the implementation of the Nagoya Protocol impede 295 

systematic biodiversity assessments in entire geographic regions (Prathapan et al., 2018; 296 

Overmann & Scholz, 2017; Heinrich et al., 2020). Many of these aspects contribute to the so-297 

called “biodiversity blindspots” proposed by Ball et al. (2025). In addition, sampling biases are 298 

often caused by selective perception, collector bias, species body size, as well as species and 299 

location attractiveness (Phillips et al., 2017). Size is a human factor explaining the skewed 300 

distribution of species knowledge: the smaller an insect body size, the later the year of 301 

description (Stork et al., 2015). Similarly, inconsistent sampling protocols, lack of 302 

standardisation, and limited technological access can hinder biodiversity detection, for 303 

example, molecular methods may miss rare taxa that require deep sequencing. In addition, a 304 

lack of data contributes to a limited awareness – an issue across realms and ecosystems, 305 

including a lack of open and Findable, Accessible, Interoperable and Reusable data (FAIR; 306 

Wilkinson et al., 2016). While most notions of diversity are centred around the presence of 307 

certain taxa in a given context, the concept of “dark diversity” (Pärtel, Szava-Kovats & Zobel, 308 

2011) captures information about the absence of such taxa in spatio-temporal contexts for 309 

which comparable data and ecological models would suggest that they are present. The 310 

combination of species absence and presence data can be further combined into more 311 

complete biodiversity measures like the Community Completeness Index (Pärtel, Szava-312 

Kovats & Zobel, 2013). 313 

Finally, some groups of organisms actually have been studied, yet the information gathered 314 

about them is not prevalent in the scientific community. This phenomenon can be referred to 315 

as “dark knowledge” (Jeschke et al., 2019). This can be due to either highly specialised 316 

scientific publications which do not address the larger community, or so-called “forgotten 317 

results” given published but neglected research due to inaccessibility e.g. non-English (Amano 318 

et al., 2023) or non-digitised publications. 319 
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(f) Social dimension 320 
The degree of “hiddenness” also includes social dimensions as it is often related to the cultural 321 
background of different human societies, economic practices, and experiences. Many 322 
important human-driven environmental changes and their impacts on biodiversity remain 323 
surprisingly underexplored (Heger et al., 2019). Moreover, ecological effects of specific facets 324 
of global change have been examined, but we lack knowledge on their combined effects and 325 
their complexity (e.g., Pendleton et al., 2016; Vos et al., 2023; Orr et al., 2024). This notion 326 
results in a large degree of hiddenness for scientists as understanding and projecting 327 
ecological complexity such as synergistic, additive, and antagonistic effects of multiple drivers 328 
on organisms and ecosystems demands coordinated cross-disciplinary research (Heger et al., 329 
2019). 330 

Human bias is a major driver of imbalanced biodiversity knowledge, as it influences how 331 

research is conducted and communicated and thus affects all other dimensions (Mazor et al., 332 

2018; He et al., 2021). A prominent example is the diurnal bias in our society in perceiving 333 

nocturnal processes and issues (Kyba et al., 2020). In addition, a lack of knowledge creates 334 

lack of the awareness, or knowledge can be unintentionally biased (e.g., introduced species 335 

being considered native, Kochalski et al., 2019). These gaps often result from methodological 336 

challenges and the undersampling of certain areas, due to a lack of research focus and 337 

sufficient fieldwork, which also mirrors temporal and spatial biases in scientific efforts, or 338 

challenges in communicating scientific results to the public. Being it a lack of interest, funding, 339 

or due to societal, political or regional aspects – such human induced biases unfortunately 340 

continue despite better knowledge. Troudet et al. (2017) showed that taxonomic biases in 341 

biodiversity data have remained broadly the same since the 1950’s although the problem has 342 

been known since several decades (Bonnet, Shine & Lourdais, 2002). 343 

 344 

 345 
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 346 
Fig. 2 | Examples of hidden biodiversity across the world, including a) Solenodons, b) Glass sponges, 347 
c) Devils Hole Pupfish, d) marine megafauna, e) water scorpions, f) Birds of Paradise, g) Dendrobium 348 
and h) Candidatus Thaumarchaeota, along with their approximate distribution. In addition, different 349 
realms that are beneath the surface, such as freshwater, marine and soil environments, can be 350 
considered hidden. See Table 1 for more examples and https://hiddenbiodiversity.org/ for an interactive 351 
visualisation. 352 

https://hiddenbiodiversity.org/


11 

III. Why is hidden biodiversity relevant? 353 

 354 

Hidden biodiversity has its intrinsic value, similar to the known biodiversity, however with a 355 

major caveat: it is challenging to consider something relevant, or attribute a given process or 356 

function to a taxon which is not yet known or described as such. Hidden biodiversity is likely to 357 

contribute to many ecosystem functions and services which for humans still remain in the dark, 358 

and in this regard, the precautionary paradox is relevant for maintaining ecosystem stability 359 

and resilience. 360 

Ecosystem functions may remain hidden but can be considered critical biological entities 361 

(Emmett Duffy, Paul Richardson & Canuel, 2003; Lynch et al., 2023; Anthony et al., 2023; 362 

Bahram et al., 2018; Hooper et al., 2012; Bell et al., 2005). The biodiversity–ecosystem 363 

function (BEF; Schulze & Mooney, 2012) relationship is often explained by niche partitioning, 364 

positive interactions, or asynchronous population dynamics of the coexisting species (Barry et 365 

al., 2019), which reduce competition, but increase productivity and ecosystem resilience 366 

(Tilman, Isbell & Cowles, 2014; Cardinale et al., 2012; Barry et al., 2019). Notably, ecosystem 367 

functions can be compromised already by decreases in species abundance opposed to 368 

complete species extinctions (Isbell et al., 2017; Spaak et al., 2017). This is relevant, especially 369 

in the case of microorganisms which, due to their very large population sizes (Morris et al., 370 

2002; Miller et al., 2005) and their potentially broad or even global geographical distribution 371 

(Casamayor et al., 2023), have a low extinction risk, in contrast to many metazoa. The same 372 

applies to the vectors of microorganisms: while individual insect species may not be threatened 373 

with extinction, their dwindling abundance can silently undermine ecosystem resilience. For 374 

example, Mata et al. (2015) found knowledge gaps regarding ground and bark-dwelling beetles 375 

and insects with an aquatic phase, and revealed hundreds of new insect species delivering 376 

ecosystem functions for the metropolitan area. Such knowledge gaps are critical as changes 377 

in biodiversity can affect ecosystem functions with considerable delays, where e.g. plant 378 

richness can impact belowground processes even after several years (Eisenhauer et al., 379 

2024b; Bongers et al., 2021; Guerrero-Ramírez et al., 2017; Weisser et al., 2017; Reich et al., 380 

2012). 381 

The majority of studies on BEF relationships have so far focused on terrestrial plant 382 

communities and their productivity, and the BEF of other communities only recently gained 383 

attention. Aquatic fungi take a key role in ecosystems, carbon and nutrient cycling and energy 384 

flow, producing essential organic compounds and dynamic food-webs (Vatova et al., 2022). 385 

Soil biodiversity is a key regulator in soil ecosystem multifunctionality (Delgado-Baquerizo et 386 

al., 2020; Wu et al., 2025; Schuldt et al., 2018; Wagg et al., 2014), and herbivorous insects 387 

and microbial decomposers are important promoters of grassland ecosystems (Soliveres et 388 

al., 2016). Likewise, many ecosystem services rely biodiversity, such as crop, fish, and timber 389 

production, or the regulation of pests and prevention of diseases (Brooks et al., 2016; Isbell et 390 

al., 2017; Duffy et al., 2016; Liang et al., 2016; Keesing et al., 2010; Barnes et al., 2020; Lynch 391 

et al., 2023). Management of ecological systems might go wrong if hidden biodiversity is 392 

ignored. In fisheries management, for instance, many well-intended actions fail because the 393 

behavioural diversity and responses of fishes were not taken into account (Pine et al., 2009). 394 

Growing evidence shows that biodiversity is generally positively associated with plant, animal, 395 

and human health (Banerjee & van der Heijden, 2023; Flandroy et al., 2018; Haahtela, 2019; 396 

Rillig et al., 2018), and hidden biodiversity is likely to play an equally important role. On a 397 

different note, there are also unknown species that pose considerable health risks to animals 398 

and humans. One example is the recently described cyanobacterium Aetokthonos hydrillicola 399 

(Wilde et al., 2014) that occurs associated with submerged plants and produces potent 400 

neurotoxins that can be fatal to herbivores and birds of prey (Breinlinger et al., 2021). 401 
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In most ecosystems, small organisms constitute a major fraction of the hidden biodiversity not 402 

only by the number of species but also by their sheer biomass. Microorganisms constitute the 403 

second most dominant biomass fraction in soils after plant roots (Bar-On, Phillips & Milo, 2018) 404 

and can amount to > 1 ton of biomass carbon per hectare (Fierer, 2017), being equally 405 

dominant and important also in marine sediments (Hoshino et al., 2020). The fact that hidden 406 

biodiversity is most prominent among small organisms has important implications for its 407 

functional relevance, since the mass-specific metabolic activity of organisms is increasing with 408 

decreasing size. This is exemplified by biomass-specific respiration rates, which are up to five 409 

orders of magnitude higher for bacteria than for multicellular organisms ranging from copepods 410 

to elephants (up to 100,000 versus 1-100 mmol O2 kg-1 h-1). As a consequence, the composition 411 

of microbial communities is a major driver of carbon sequestration, nutrient cycling, or 412 

greenhouse gas emissions, and is relevant for key ecosystem services like pathogen control 413 

and pollutant degradation (Azam & Malfatti, 2007; Täumer et al., 2021; Bardgett & van der 414 

Putten, 2014; Deubel & Merbach, 2005; Harms, Schlosser & Wick, 2011; Kandeler, Stemmer 415 

& Gerzabek, 2005; Falkowski, Fenchel & Delong, 2008; Delgado-Baquerizo et al., 2020; Abs, 416 

Chase & Allison, 2022). For example, the metabolic activity of bottom sediment bacteria 417 

contributes to the transformations and mineralisation of organic matter, and in certain 418 

conditions to the release of regenerated nutrients to near-bottom waters (Lewicka-Rataj et al., 419 

2024). 420 

The persisting knowledge gaps of hidden biodiversity, particularly those of functional 421 

biodiversity, not only have high relevance for the understanding of these ecosystem functions 422 

and services, or aggravate the uncertainties in predicting the consequences of biodiversity 423 

change (Burian et al., 2024; Dornelas et al., 2023), but also impede the development of 424 

mitigation strategies for the preservation of key ecosystem functions during environmental 425 

change (Pereira et al., 2024; Oliver et al., 2015; Hong et al., 2022; Averill et al., 2022). In 426 

general, ecosystem functions provided by biodiversity play a key role in, e.g., climate change 427 

mitigation and adaptation (Cavicchioli et al., 2019; Aben et al., 2022; He et al., 2010; Weiskopf 428 

et al., 2024; Shin et al., 2022; Oliveira, Moore & Dong, 2022; Jansson, 2023), and this can be 429 

expanded likewise to hidden biodiversity (Table 1). 430 

Beyond ecosystem functions, hidden biodiversity is likely to offer new and innovative solutions 431 

for biotechnology, agriculture, and human or veterinary medicine. For instance, genome 432 

sequences of understudied microbial lineages have been found to contain novel biosynthetic 433 

gene clusters or metabolic pathways (e.g., Cuadrat et al., 2018; Overmann et al., 2017). Given 434 

that bacterial phyla without any cultured representatives contain the highest fraction, up to 85% 435 

of unknown genes, dark taxa appear particularly promising targets for future biodiscovery. In 436 

a large, comparative metabolomic study across four bacterial phyla, thousands of mostly 437 

unknown different metabolites were detected, of which only 12% occurred in all four phyla 438 

while up to 107 unique metabolic features were observed in just a single bacterial strain, 439 

including an entire novel compound family (Fiorini et al., 2022). More broadly, hidden 440 

biodiversity is likely to have manifold so-called Nature Contributions to People (NCPs; IPBES, 441 

2019; Díaz et al., 2018). For instance, (Gascon et al., 2015) review many ecosystem services 442 

provided by species, including several of unexpected value to humans.  443 

 444 

Taken together, hidden biodiversity has, beside its intrinsic value, far-reaching impacts on 445 

ecosystem functions and services as well as management of aquatic ecosystems. There are 446 

some fundamental issues to solve, e.g., if a global policy goal is to protect all biodiversity, how 447 

do current policies do when a major portion of biodiversity remains hidden? Our insufficient 448 

understanding of hidden biodiversity severely impedes our ability to comprehensively (i) 449 

elucidate the biological basis (taxa, phenotypic traits, genes, and gene regulation) of specific 450 
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ecosystem functions (Overmann et al., 2017; Zoccarato et al., 2022), (ii) identify drivers and 451 

feedback mechanisms of ecosystem functions during environmental change (Eisenhauer & 452 

Hines, 2021; Eisenhauer et al., 2024a), (iii) assess biological interactions, functional similarity 453 

and ecosystem resilience (Bishop et al., 2022; Kost et al., 2023; Rousk, Brookes & Bååth, 454 

2009; Philippot et al., 2013), (iv) develop appropriate, state-of-the-art monitoring and 455 

management approaches (Mammola et al., 2020; Guerra et al., 2021; Singleton et al., 2024), 456 

(v) comprehensively assess the effects of conservation measures (Waldron et al., 2020), and 457 

(vi) exploit the full potential of biodiversity for future applications in sustainable agriculture, 458 

fisheries, bioeconomic development and ecosystem restoration, or human and veterinary 459 

medicine (He et al., 2024; Overmann et al., 2017; Krause et al., 2022; Humphries & Winemiller, 460 

2009). 461 

 462 

IV. How to proceed? 463 

 464 

Given the challenges in the different dimensions of hidden biodiversity, the question arises: 465 

what could be done regarding this so-called known unknown? Targeted research to uncover 466 

hidden biodiversity may be perceived as a tension zone in comprehensive versus purpose-467 

driven biodiversity research, with the latter reflecting the importance to accumulate sufficient 468 

knowledge. However, what should be considered sufficient? One approach could be to focus 469 

on the major NCPs and develop incentives for society to invest into biodiversity research and 470 

protection linked to these NCPs. This approach is, however, at the risk of being circular, since 471 

we would focus on aspects that are already known. We also have to ask ourselves: how much 472 

has the “uncovering of hidden biodiversity” in the past decades contributed to, e.g., biodiversity 473 

protection, restoration, and the understanding of NCPs? While valuable examples of beneficial 474 

impacts exist (see Table 1), the detrimental anthropogenic impacts on biodiversity outweigh 475 

these positive examples, as shown e.g., by the negative trend in population abundance of 476 

monitored vertebrates globally (He et al., 2019; WWF, 2024). While this does not mean that 477 

interest-driven efforts to uncover hidden biodiversity should be neglected, we have to be 478 

mindful of our limited resources regarding time, labour and funding. In addition, raising 479 

awareness for hidden biodiversity is essential, and we aim to support this by collating examples 480 

from the larger community using our newly-developed interface at 481 

https://hiddenbiodiversity.org/. [Note to reviewers: this is a first prototype and more 482 

functionalities will be added, and we are happy to implement possible suggestions]. 483 

We call for a balance between addressing interest-driven and purpose-driven biodiversity 484 

research. However, the emerging questions are evident: how do we prioritise the efforts? 485 

Which are the critical ecosystem functions? Which realms, ecosystems, and habitat types 486 

should ‘deserve’ being on the fast-track? The circularity of hidden biodiversity where 487 

insufficient knowledge might impede the establishment of an appropriate restoration baseline, 488 

raises the question: what is the ultimately desired versus realistic status of biodiversity? We 489 

discuss important trends and opportunities in biodiversity research and methodological 490 

developments across the dimensions, concluding in seven principles for future research on 491 

biodiversity sustainability. 492 

(a) Taxonomic dimension 493 
Neglecting the taxonomic diversity of organisms with low charismatic appeal leads to a 494 

distorted view, where neglect increases with diversity and decreases with body size. For 495 

instance, Srivathsan et al. (2023) found that insect families contributing more to global insect 496 

communities are those that been most neglected. This neglect, which cascades into the lack 497 

https://hiddenbiodiversity.org/
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of research efforts, could be addressed by identifying and tackling the diversity of hidden taxa 498 

with scalable techniques. One such important tool to detect everyday yet important taxa is 499 

Next-Generation Sequencing (NGS) barcoding. This allows cost-effective high-throughput 500 

generation of short specimen-specific barcodes and yields new barcodes, including some that 501 

are potentially new to science. The method can be implemented by a wide range of 502 

laboratories, accelerating, e.g., invertebrate species discovery and yielding relative abundance 503 

information (Wang et al., 2018). Nowadays, decreasing processing costs enable sequencing 504 

genomes at scale and in projects such as the Darwin Tree of Life for the British fauna 505 

(https://www.darwintreeoflife.org/), the Psyche Project for European Lepidoptera 506 

(https://www.projectpsyche.org/) or the Ten Thousand Plant Genome Project (Cheng et al., 507 

2018). Similarly, employing machine-learning such as deep clustering has the potential to 508 

support taxonomic identification, as shown by Milošević et al. (2025) for Chironomids. 509 

The cost-effective method of identifying taxonomy by DNA leads to a rapid increase of 510 

taxonomic databases, yet also the errors in taxonomic labelling bear huge challenges. Grenié 511 

et al. (2023) reviewed this topic and developed a Shiny app in an attempt to solve the puzzle 512 

(https://mgrenie.shinyapps.io/taxharmonizexplorer/). They (i) identify the correct treatment of 513 

taxon names as a prerequisite for robust biodiversity research, (ii) suggest the taxonomic name 514 

harmonisation by employing a thorough search for the most suitable (i.e. most reliable and up-515 

to-date) databases and existing related tools and (iii) propose a typology of widely used 516 

taxonomic databases and extensively reviewed R packages, along with the documentation of 517 

the harmonisation workflow (software versions, functions, parameters and database versions). 518 

To facilitate such efforts, database managers and tool developers need to make their 519 

resources discoverable for all researchers globally and describe them with all necessary meta-520 

data. Such joint efforts between taxonomists and ecologists could therefore strengthen efforts 521 

across research communities and disciplines for obtaining robust information. 522 

Finally, any new species descriptions and findings must find their way into public knowledge, 523 

but also into backbone taxonomies of national and global databases for taxonomic search 524 

queries. The Freshwater Animal Diversity Assessment (FADA) project 525 

(http://fada.biodiversity.be/) mobilises experts and collates information on freshwater 526 

biodiversity and taxonomy globally. These efforts are the prerequisite to query for freshwater 527 

taxa and to address the spatio-temporal dimension of hidden biodiversity. 528 

 529 

(b) Functional dimension 530 
Addressing the functional dimension provides a complementary perspective to shed light on, 531 

e.g., the community composition and structure given species traits and contributions to 532 

ecosystem functioning, and to identify keystone species which drive community composition 533 

and function irrespective of their abundance. Accordingly, their loss can cause significant shifts 534 

in the structure and function of communities (Banerjee, Schlaeppi & van der Heijden, 2018; He 535 

et al., 2024). A promising avenue to identify keystone species are co-occurrence and network 536 

analyses which allow identifying those hub species that are highly interconnected to other 537 

community members. Such network analyses would benefit from moving from exploratory 538 

correlation analyses to testing hypothesised interactions among taxa. However, the identified 539 

keystones need to be also verified, e.g., through experimental removal from / addition to their 540 

communities (Röttjers & Faust, 2019; Weiss et al., 2023) which might be feasible for animal 541 

and plant communities, but challenging for complex microbiomes. As an alternative approach, 542 

microbial keystones may be identified as species that are capable of key or bottleneck 543 

reactions in community-wide metabolic networks (Roume et al., 2015). The caveat is however 544 

the urgent requirement regarding data to uncover their spatio-temporal dimension. Moreover, 545 

https://www.darwintreeoflife.org/
https://www.projectpsyche.org/
https://mgrenie.shinyapps.io/taxharmonizexplorer/
http://fada.biodiversity.be/


15 

investments in so far overlooked traits that are likely of fundamental importance for ecology 546 

and evolution and largely overlooked, such as studying the behavioural variation in organisms, 547 

is recommended. Novel tracking technologies can be a stepping stone in the right direction 548 

(Nathan et al., 2022). 549 

 550 

(c) Genetic dimension 551 
Time-series and spatial surveys are important to uncover some of the hidden genetics, i.e. the 552 
role that contemporary evolution plays in species survival and acclimation to environmental 553 
stressors, and how this acclimation affects future generations (Brennan & Logares, 2023). 554 
Large scale, complex genetic and environmental assessments can be customised by focusing 555 
and adding detailed parameters pertinent to specific niches or tackling particular questions. 556 
For instance, in microbiology the assessment of plant rhizosphere communities can be used 557 
to design pest biocontrol or enhanced crop yield strategies (e.g., Syed Ab Rahman et al., 558 
2018). The identification of microorganisms furnishing crops with resistance to environmental 559 
stressors is of particular importance in the context of climate change (Scheben, Yuan & 560 
Edwards, 2016) or the identification of key microbial organisms bound to the occurrence of a 561 
disease (e.g., Milliken et al., 2021). The genetic diversity in wild relatives can be used to protect 562 
the yields by improving the disease and stress resistance in crops and domestic animals 563 
(Andersson & Purugganan, 2022; Zhu et al., 2000). The same applies to sustainable 564 
aquaculture which depends on genetically diverse wild stocks (Yáñez, Newman & Houston, 565 
2015). However, the resources for both terrestrial and aquaculture crops are at threat given 566 
the incentives for farmers to abandon traditional crops (Bellon et al., 2017) and by declines in 567 
wild populations (FAO, 2019). Furthermore, the use of non-native improved strains in 568 
aquaculture can impact the genetic composition and diversity of wild populations (Sanda, 569 
Metcalfe & Mable, 2024). Likewise, efforts towards securing sustainable seafood production 570 
benefit from improved and innovative genetic monitoring schemes to obtain data on the health 571 
state of aquatic ecosystems, and to adjust management decisions accordingly (Bernatchez et 572 
al., 2017). For the sustainability of domestic cultures and the conservation of wild species 573 
resources, NGS is a highly useful technology (Bohan et al., 2017). 574 

 575 

(d) Spatio-temporal dimension 576 
It is vital to perform regular and standardised monitoring to detect the spatio-temporal 577 

dynamics in biodiversity. High-resolution long-term records of biodiversity help to detect the 578 

variation in biodiversity which otherwise remains hidden due to a missing baseline to compare. 579 

Examples for long-term biodiversity records include marine prokaryotes and protists (Yeh & 580 

Fuhrman, 2022), fish catches (Froese et al., 2012), harmful marine algal blooms (Wells et al., 581 

2015), marine zooplankton data (Chiba et al., 2018), freshwater invertebrates (Haase et al., 582 

2023; Gillmann et al., 2024), as well as terrestrial and soil organisms (Fischer et al., 2010). 583 

Efforts can build on numerous important ongoing monitoring efforts and networks such as The 584 

Group on Earth Observations Biodiversity Observation Network (GEO BON) and thematic 585 

BONS (e.g., SoilBON, FWBON), the European Reference Genome Atlas (ERGA), the Long 586 

Term Ecological Research Network (LTER), the Global Lake Ecological Observatory Network 587 

(GLEON), or the World Register of Marine Species (WoRMS). Likewise, species observation 588 

databases such as GBIF, speciesLink, or VertNet, FishNet2, Atlas of Living Australia (Belbin 589 

et al., 2021), observation.org, eBird, iNaturalist (Della Rocca et al., 2024), Edaphobase 590 

(Burkhardt et al., 2014) provide the basis for addressing the spatio-temporal dimension. Yet 591 

the key issue is that the data collection is not happening where it is most needed: the tropics 592 

(Meier, Lawniczak & Srivathsan, 2025). 593 

https://geobon.org/
https://www.erga-biodiversity.eu/
https://lternet.edu/
https://gleon.org/
https://www.marinespecies.org/
https://www.gbif.org/
https://specieslink.net/
http://www.vertnet.org/
https://fishnet2.net/
https://www.ala.org.au/
https://observation.org/
https://ebird.org/home
https://www.inaturalist.org/
https://portal.edaphobase.org/
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Strengthening scientific networks is essential to enhance monitoring and data exchange, to 594 
avoid redundancies and instead to create synergies, including especially economically weaker 595 
states and those at risk of warfare (Hanson et al., 2009). Credits should be given to how and 596 
by whom data is collected, and to support the diversity of researchers and bridge the Global 597 
North-South divide (Nakamura et al., 2023) and to emphasise biodiversity hotspots (Wentzel 598 
et al., 2023). Bowler et al. (2025) discuss weighting techniques to potentially reduce both the 599 
bias and variance of parameter estimates to overcome those gaps in biodiversity monitoring 600 
data. However, reducing such bias critically depends on knowledge and the availability of data. 601 
Addressing the primary cause requires accounting for the distance between researchers and 602 
the study area, supporting local research funding and participation in data-sharing networks 603 
(Meyer et al., 2015). Furthermore, new tools are essential to overcome barriers in sampling 604 
and monitoring of species that are remote or occur in times when we are unable to detect their 605 
behaviour. For instance, nocturnal ecology has recently benefited by new and improved 606 
technologies that allow organisms to be tracked at night under natural conditions (Gaston, 607 
2019; Nathan et al., 2022; Degen et al., 2024). Aquatic research can use Unmanned Aerial-608 
Aquatic Vehicles capable of performing underwater sampling (Farinha et al., 2022). Remote 609 
sensing is increasingly used for both day and night time observations and to research about 610 
hidden biodiversity functions (Wang et al., 2024; Fu et al., 2024). Spaceborne and airborne 611 
sensors provide information that incorporate wavelengths unperceivable for the human eye. 612 
Moreover, modelling techniques enable research on functional diversity changes over different 613 
spatial and temporal scales (Rocchini et al., 2022). 614 

 615 

(e) Methodological dimension 616 
Missing access to biodiversity data is a major obstacle to adaptive management in the 617 

conservation and management of natural resources. Stephenson & Stengel (2020) have 618 

identified a preliminary list of important data resources, yet many are difficult to find, access or 619 

not easy to use. Enhancing global biomonitoring strategies should leverage existing initiatives 620 

and programs while identifying and addressing gaps. For example, eDNA sampling could be 621 

integrated into existing environmental monitoring stations to enhance data collection and 622 

analysis (Thomas et al., 2018). Often, it is not biodiversity which is hidden but the data 623 

describing it (Kühl et al., 2020). Efforts should address the scattered monitoring data across 624 

administrators, the appropriate format, ensuring that data is centralised, accessible, and that 625 

data is consistently updated. Examples of initiatives that could benefit from such integration 626 

include intergovernmental, national, and regional environmental monitoring programs that 627 

track changes in biodiversity and environmental health. In an attempt to develop a robust 628 

conceptual framework for monitoring, Dalton et al. (2023) recommend seven key conceptual 629 

questions related to the broad application and development of effective biodiversity monitoring 630 

programs: “why monitor”, “which indicators” should be included, “where” and “when” monitoring 631 

will occur, “who” will be involved, and “how many” resources are required. The seventh 632 

question of “how” to conduct protocols is the result of the conceptual requirements and is 633 

considered in the implementation phase.  634 

Combining biomonitoring with environmental, geographical, and other datasets should further 635 

be emphasised to model trade-off scenarios in the conservation policy arena. For example, 636 

the assessment of ecosystem corridors, areas of connectivity, migration routes, and other 637 

transnational scenarios is of high relevance for the design and implementation of area-based 638 

conservation measures, such as for example the “30 by 30” biodiversity strategy (European 639 

Commission 2024) or the implementation of 25,000 km free-flowing rivers in Europe (Stoffers 640 

et al., 2024) to address the various hidden biodiversity dimensions below the surface. 641 
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Further, combining data across science, society, and policy will be necessary. As the 642 
catastrophic event in the Oder River in 2022 highlighted, compounded human impacts, like 643 
pollution, habitat alteration, and climate change, destabilised an entire freshwater ecosystem 644 
(Köhler et al., 2024). By integrating datasets from genetic information to environmental and 645 
anthropogenic stressors predictive models should be developed, supporting the assessment 646 
of ecosystem vulnerabilities and resilience, informing conservation strategies and policy 647 
actions, for example limiting pollutants and preventing disruptive engineering projects (IGB, 648 
2020). 649 
Shared open-access databases can allow robust analyses on a wide range of questions on 650 
the causes and trends of large-scale biodiversity change (Kühl et al., 2020; Güntsch et al., 651 
2024). This can be achieved in integrating stakeholders within unified networks, which need to 652 
value the diversity of stakeholder motivations, responsibilities, expertise, and knowledge 653 
pathways and the variety of existing biodiversity recording schemes. Thus, high coordinating 654 
efforts to integrate stakeholder groups and provide shared institutional values, rules, and 655 
norms have to be considered. 656 

 657 

(f) Social dimension  658 
Inviting and including “the society” will support, on the one hand, uncovering hidden biodiversity 659 
by reducing the limitations in time and space (i.e., person power) in biodiversity research and 660 
monitoring efforts on a large scale (Fraisl et al., 2022; Belletti et al., 2020; Premke et al., 2022; 661 
Gąsiorek et al., 2024). The combination of classical methods with citizen science can 662 
significantly increase insights and generate new data (Zulian, Miller & Ferraz, 2021; Kimmig et 663 
al., 2025; Table 1). In addition, citizen science enhances the stewardship for the value of 664 
biodiversity and its protection (Peter, Diekötter & Kremer, 2019; Merenlender et al., 2016), and 665 
can thus broaden institutionalised science's horizon and foster innovation in sociological and 666 
political areas of science (Austen et al., 2024). On the other hand, citizen science data also 667 
offers challenges, which can blur the view on hidden biodiversity itself since participants can 668 
introduce variation, bias, and errors into the newly collected datasets given e.g. personal 669 
preference of sampling location and time. Involving the society in biodiversity monitoring 670 
requires developing software, tutorials, and guidebooks, workshops but also software and data 671 
storage solutions for citizen scientists, which are as essential as more quantitative training for 672 
ecologists to align with the more complex and sophisticated analytical approaches increasingly 673 
used for big data in ecology (Johnston, Matechou & Dennis, 2023). Thus, to maximise the 674 
potential for scientific innovation through citizen science, trained scientists should be involved 675 
to strengthen data quality assurance, adapt standardised protocols and ensure adequate 676 
resources (Kosmala et al., 2016; Austen et al., 2024). Only through large interdisciplinary 677 
networks can the whole suite of biodiversity be uncovered because biases and preferences 678 
for specific taxa exists within academia and academic silos are prevalent (e.g., terrestrial vs. 679 
aquatic or marine vs. freshwater). 680 

Societies across the globe have to be invited to biodiversity research given that, e.g., 681 

indigenous cultures provide biodiversity monitoring in everyday life, and nature-centric 682 

indigenous languages exist around the world. These languages are a great source of 683 

biodiversity knowledge, describing organisms and their functions onomatopoetically (Zimmer, 684 

2024). The challenge is, however, that the languages often do not exist in any written form or 685 

are suppressed. So-called “Talking Dictionaries” have been created since 2005 686 

(https://talkingdictionary.swarthmore.edu/) to avoid losing the knowledge from these 687 

languages. However, as it is a race against time to capture knowledge about species that will 688 

soon no longer be found described in languages that soon may be extinct, it is of utmost 689 

importance to meet indigenous cultures at eye level and to share knowledge with each other 690 

(Ogar, Pecl & Mustonen, 2020). This also requires addressing the problems of colonialism in 691 

https://talkingdictionary.swarthmore.edu/
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biodiversity research, and perspectives from other knowledge traditions should be brought to 692 

the fore using methods that allow multiple voices and perspectives to be heard and assessed 693 

for relevance (Austen et al., 2024; Ogar et al., 2020). 694 

 695 

V. Conclusions 696 

We conclude with seven suggestions and guiding principles aimed at scientists and their 697 
networks designed to strengthen sustainability research by uncovering hidden aspects of 698 
biodiversity: 699 

1. Promote data that are Findable, Accessible, Interoperable, and Reusable (FAIR) as a 700 

prerequisite for uncovering hidden biodiversity and expanding our collective 701 

knowledge.  702 

2. Establish regular and standardised biodiversity monitoring, including sampling at night, 703 

in remote locations, and of highly diverse or small-bodied taxa.  704 

3. Employ a wide range of tools and technologies, including DNA techniques in a 705 

standardised way, especially to explore taxa with high diversity and small body size to 706 

remote sensing for large-scale assessments. 707 

4. Use key biological entities and abiotic parameters as proxies to model and monitor 708 

biodiversity patterns and changes under different scenarios. 709 

5. Focus on microbial species that act as metabolic bottlenecks or keystone players in 710 

ecosystem processes and community-wide networks. 711 

6. Involve society to support monitoring efforts on a large scale, especially addressing 712 

indigenous cultures that can provide their knowledge about organisms and their 713 

functions. 714 

7. Strengthen cross-border biodiversity research and conservation by combining datasets 715 

and modelling, and by informing governance across jurisdictional boundaries. 716 

 717 

We strongly advocate for research that reveals the diversity of species and biological 718 

dimensions that have been hidden so far. By integrating knowledge on the state and dynamics 719 

of biodiversity in a human-dominated world, biodiversity research can better align with 720 

conservation goals, which maximises benefits to people and nature, and addressing the 721 

complexity of social-ecological systems (Kareiva & Marvier, 2012; Urban et al., 2021; Guerra 722 

et al., 2022). 723 
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VIII. Tables 757 

 758 

Table 1 Examples for the different dimensions of hidden biodiversity (Fig. 1), what specifically 759 
is hidden, why can be considered hidden, and why is it considered relevant and its relevance. 760 

[Note to reviewers: this table could possibly be an online-only table.] 761 

Dimension What is hidden? Why is it hidden? Why is it relevant? Reference 

Taxonomic Most of arthropod 

biodiversity is 

unknown to 

science. 

Taxonomic neglect, with little 

signs of increasing activities in 

recent years 

Taxonomic families that dominate insect 

diversity are often ‘hidden taxa' particularly 

from the megadiverse orders 

Hymenoptera and Diptera; neglect of dark 

taxa could severely affect our perception 

of how life on Earth is organized. 

Srivathsan 

et al. 

(2023); 

Forbes et 

al. (2018); 

Karlsson et 

al. (2020)  

Spatial Studies about the 

genus Eurythenes, 

the largest 

scavenging deep-

sea amphipods 

(max. 154 mm), 

have revealed a 

cryptic species 

complex 

Lives in the remote hadal zone Eurythenes plasticus sp. nov., recovered 

between the depths 6010 and 6949 m in 

the Mariana Trench (Northwest Pacific 

Ocean) in 2014 presented plastic fiber in 

its guts, probably from anthropogenic 

pollution 

Weston et 

al. (2020); 

Gerringer 

et al. 

(2017) 

 

Spatial Deep-sea: A third 

of the species and 

25% DNA 

Lack of accessibility Underestimated taxa offer the potential of 

a biological carbon pump by binding 

atmospheric carbon dioxide to the sea 

floor 

Cordier et 

al. (2022) 

Spatial Blooms of benthic 

toxic 

cyanobacteria: 

relative proportion 

of toxic and non-

toxic strains 

Lack of appropriate monitoring 

approaches 

Health risks, global increase in associated 

animal poisonings 

Wood et al. 

(2020) 

Spatial Ground water 

biodiversity 

Little number of efforts to assess 

subsurface ecosystems so far 

even in research 

Unknown impact on quality drinking water 

in many regions of the world, incl. ESS 

such as purification of human chemical 

inputs. 

Zhong et al. 

(2023)  

Temporal Night-time activity 

by particular 

species 

Lack of human resources at night 

time 

Knowledge about the ecological functions 

of nighttime organisms and how the 

evolution of day- and nighttime ecological 

functions differ, provides a better, more 

holistic ecological understanding 

Gaston 

(2019); 

Buxton et 

al. (2022); 

Fijen et al. 

(2023) 
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Temporal Long-term time 

series, e.g. in 

aquatic 

ecosystems 

Changing methods, 

discontinuous funding and staff 

availability 

A large fraction of biodiversity can be 

hidden in the rare biosphere, but that may 

change at different time points of sampling 

throughout seasons or several years. 

Shifts only visible/explainable if time series 

are sufficiently long with comparable 

methods 

Pilotto et al. 

(2020); 

Outhwaite 

et al. 

(2020); 

Haase et 

al. (2023) 

Spatio-

temporal 

Evolution of 

diversity in insect 

species that have 

a larval freshwater 

stage 

100,000 species from 12 orders 

spend one or more life stages in 

freshwater. Little is known about 

how this remarkable diversity 

arose. 

Insights in aquatic insect diversity may be 

highly suitable to study ecological 

diversification. 

Dijkstra et 

al. (2014) 

Spatio-

temporal 

The freshwater 

pearl mussel 

(Margaritifera 

margaritifera) 

larval and juvenile 

stages  

has an obligate parasitic phase, 

where its larvae (glochidia) 

develop on specific host fish, like 

brown trout and Atlantic salmon, 

relying on their dispersal, before 

transitioning to juveniles. 

Juveniles then bury themselves 

in the hyporheic zone, remaining 

hidden for years before emerging 

as long-lived adults, with 

lifespans exceeding 100 years. 

The mussel’s survival depends on 

hydrodynamic conditions without 

significant sediment movement, and 

disturbances at any life stage can disrupt 

the population 

Geist 

(2010); 

Baldan et 

al. (2021); 

Barouillet 

et al. 

(2024) 

 

Functional Plant resilience to 

habitat loss and 

fragmentation 

Missing research mainly in 

tropical areas where landscape 

fragmentation has high impact 

A better understanding of the effects of 

habitat loss and fragmentation on 

functional diversity will improve predictions 

of the resilience and resistance of 

fragmented systems under global change 

Zambrano 

et al. 

(2019) 

Functional Benthic 

communities are 

poorly described 

Although the littoral and 

profundal habitats are full of 

ecosystem service providers 

intensive studies about the 

communities is missing. 

The vast majority of fish species feed on 

profundal or littoral resources 

Vadebonco

eur, 

McIntyre & 

Vander 

Zanden 

(2011) 

Functional The mechanisms 

and magnitude of 

interactions 

mediated by tube-

dwelling 

invertebrates such 

as chironomid 

larvae organisms 

are still poorly 

understood 

The large effects stand in 

contrast to the conventional 

limnological paradigm 

emphasizing predominantly 

pelagic food webs. 

Based on existing research and models, 

tube-dwelling invertebrates play a central 

role in controlling water column nutrient 

pools, hence water quality and trophic 

state. Furthermore, they influence the 

thresholds that determine shifts between 

alternate clear and turbid states of shallow 

lakes.  

Hölker et 

al. (2015) 

Genetic Genetic diversity 

of wild plants for 

resilience against 

abiotic extremes 

and subsequent 

conditions. 

Domestication provide genetic 

bottlenecks as cultivation 

involves only limited 

diversification, subsequent 

conscious or unconscious 

selection by farmers leads to a 

further narrowing of the gene 

pool. 

The conservation of a diversity of crops 

and livestock reproductive material in 

gene banks constitute only “snap-shots” of 

the genetic diversity present at the time of 

collection. Knowledge about the diversity 

of wild plants is important to ensure long 

term viability of breeds and varieties. 

Bellon et al. 

(2017) 
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Genetic Genetic status of 

many farmed 

aquaculture 

species. 

  

Lack of financial instruments, 

training and policies. 

To monitor farmed types used for 

aquaculture and their wild counterparts for 

risk assessment when introducing non-

native species and when managing native 

species including developed farmed types. 

Sonesson 

et al. 

(2023) 

 

Genetic Genetic diversity 

can increase the 

resilience in 

ecosystems. 

Experimentally increasing the 

genotypic diversity of the 

cosmopolitan seagrass Zostera 

marina has been shown to 

enhance ecosystem resilience. 

A low genotypic diversity within a lake 

population of the pondweed Stuckenia 

pectinata was assumed to be the reason 

for slow recovery of macrophytes from 

eutrophication. 

Reusch et 

al. (2005); 

Hilt et al. 

(2013) 

Social Underestimated 

extent of existence 

of the Vinaceous-

breasted Parrot 

(Amazona 

vinacea) with 

conservative 

methods for 

wildlife 

management. 

Conservative estimates used for 

the IUCN Red List 

underestimated the occurrence 

of the endangered bird, 

suggesting current range 

estimates being inadequate for 

planning purposes. 

The increasing availability of citizen-

science datasets offers a great opportunity 

to improve species distribution maps. 

eBird, WikiAves and Xeno-canto jointly 

produced 1.45 times more parrot 

detections, from samples that covered 45 

times more municipalities, than the 

researcher-led counts. 

Zulian et al. 

(2021) 

 

Social Knowledge about 

organisms and 

their functions 

Missing connection to indigenous 

cultures 

A lot of knowledge about biodiversity and 

functions is available in indigenous 

languages. Loss of languages and species 

leads to the extinction of knowledge. 

Zimmer 

(2024) 

Methodolo

gical 

Insect biodiversity 

on a Global scale, 

especially in areas 

with low funding 

for biodiversity 

monitoring. 

Access to cost -effective and 

non-invasive methods for global 

monitoring. Biodiversity hotspots 

are often not well equipped in 

funding and the killing of 

specimens is prohibited in many 

protected areas. 

Smartphone-macro lens-based setup can 

enable low cost monitoring of insects. The 

method can enable researchers of all 

social backgrounds to contribute to insect 

monitoring, even in low income states and 

protected areas. 

Riyaz & 

Ignacimuth

u (2023) 

 

Methodolo

gical 

Habitat-specific 

eDNA 

assessments. For 

example, ponds 

which are highly 

diverse, yet 

understudied 

systems. 

Combined knowledge and 

expertise to review applications 

and challenges that must be 

addressed for the future and 

consistency of habitat-specific 

eDNA monitoring . 

Robust, comparable, and ecologically 

meaningful data to enable effective 

conservation and management 

Harper et 

al. (2020) 

 762 

  763 



23 

IX. References 764 

 765 

ABEN, R. C. H., VELTHUIS, M., KAZANJIAN, G., FRENKEN, T., PEETERS, E. T. H. M., VAN DE WAAL, D. B., HILT, S., DE 766 
SENERPONT DOMIS, L. N., LAMERS, L. P. M. & KOSTEN, S. (2022). Temperature response of aquatic 767 
greenhouse gas emissions differs between dominant plant types. Water Research 226, 768 
119251. 769 

ABS, E., CHASE, A. B. & ALLISON, S. D. (2022). How do soil microbes shape ecosystem biogeochemistry in 770 
the context of global change? Environmental microbiology 25(4). 771 

AMANO, T., BERDEJO-ESPINOLA, V., AKASAKA, M., DE ANDRADE JUNIOR, M. A. U., BLAISE, N., CHECCO, J., ÇILINGIR, 772 
F. G., CITEGETSE, G., CORELLA TOR, M., DROBNIAK, S. M., GIAKOUMI, S., GOLIVETS, M., ION, M. C., JARA-773 
DÍAZ, J. P., KATAYOSE, R., et al. (2023). The role of non-English-language science in informing 774 
national biodiversity assessments. Nature Sustainability 6(7), 845-854. 775 

ANDERSSON, L. & PURUGGANAN, M. (2022). Molecular genetic variation of animals and plants under 776 
domestication. Proceedings of the National Academy of Sciences 119(30), e2122150119. 777 

ANTHONY, M. A., BENDER, S. F. & VAN DER HEIJDEN, M. G. A. (2023). Enumerating soil biodiversity. 778 
Proceedings of the National Academy of Sciences 120(33), e2304663120. 779 

AUSTEN, K., JANSSEN, A., WITTMAYER, J. M. & HÖLKER, F. (2024). The potential of citizen science to 780 
transform science: Lessons for a sustainable future. People and Nature 6(2), 435-445. 781 

AVERILL, C., ANTHONY, M. A., BALDRIAN, P., FINKBEINER, F., VAN DEN HOOGEN, J., KIERS, T., KOHOUT, P., HIRT, E., 782 
SMITH, G. R. & CROWTHER, T. W. (2022). Defending Earth’s terrestrial microbiome. Nature 783 
Microbiology 7(11), 1717-1725. 784 

ÁVILA-JIMÉNEZ, J., GUTIÉRREZ, J. D. & ALTAMIRANDA-SAAVEDRA, M. (2024). The effect of El Niño and La Niña 785 
episodes on the existing niche and potential distribution of vector and host species of 786 
American Cutaneous Leishmaniasis. Acta Tropica 249, 107060. 787 

AZAM, F. & MALFATTI, F. (2007). Microbial structuring of marine ecosystems. Nature Reviews 788 
Microbiology 5(10), 782-791. 789 

BAHRAM, M., HILDEBRAND, F., FORSLUND, S. K., ANDERSON, J. L., SOUDZILOVSKAIA, N. A., BODEGOM, P. M., 790 
BENGTSSON-PALME, J., ANSLAN, S., COELHO, L. P., HAREND, H., HUERTA-CEPAS, J., MEDEMA, M. H., 791 
MALTZ, M. R., MUNDRA, S., OLSSON, P. A., et al. (2018). Structure and function of the global 792 
topsoil microbiome. Nature 560(7717), 233-237. 793 

BALDAN, D., KIESEL, J., HAUER, C., JÄHNIG, S. C. & HEIN, T. (2021). Increased sediment deposition triggered 794 
by climate change impacts freshwater pearl mussel habitats and metapopulations. Journal of 795 
Applied Ecology 58(9), 1933-1944. 796 

BALL, L., RODRÍGUEZ-MACHADO, S., PAREDES-BURNEO, D., RUTLEDGE, S., BOYD, D. A., VANDER PLUYM, D., BABB-797 
BIERNACKI, S., CHIPPS, A. S., ÖZTÜRK, R. Ç., TERZI, Y. & CHAKRABARTY, P. (2025). What ‘unexplored’ 798 
means: mapping regions with digitized natural history records to look for ‘biodiversity 799 
blindspots’. PeerJ 13, e18511. 800 

BANERJEE, S., SCHLAEPPI, K. & VAN DER HEIJDEN, M. G. A. (2018). Keystone taxa as drivers of microbiome 801 
structure and functioning. Nature Reviews Microbiology 16(9), 567-576. 802 

BANERJEE, S. & VAN DER HEIJDEN, M. G. A. (2023). Soil microbiomes and one health. Nature Reviews 803 
Microbiology 21(1), 6-20. 804 

BAR-ON, Y. M., PHILLIPS, R. & MILO, R. (2018). The biomass distribution on Earth. Proceedings of the 805 
National Academy of Sciences 115(25), 6506-6511. 806 

BARDGETT, R. D. & VAN DER PUTTEN, W. H. (2014). Belowground biodiversity and ecosystem functioning. 807 
Nature 515(7528), 505-511. 808 

BARNES, A. D., SCHERBER, C., BROSE, U., BORER, E. T., EBELING, A., GAUZENS, B., GILING, D. P., HINES, J., ISBELL, 809 
F., RISTOK, C., TILMAN, D., WEISSER, W. W. & EISENHAUER, N. (2020). Biodiversity enhances the 810 
multitrophic control of arthropod herbivory. Science Advances 6(45), eabb6603. 811 

BAROUILLET, C., GONZÁLEZ-TRUJILLO, J. D., GEIST, J., GÍSLASON, G. M., GROSSART, H.-P., IRVINE, K., JÄHNIG, S. C. 812 
& BOON, P. J. (2024). Freshwater conservation: Lost in limnology? Aquatic Conservation: 813 
Marine and Freshwater Ecosystems 34(1), e4049. 814 



24 

BARRY, K. E., MOMMER, L., VAN RUIJVEN, J., WIRTH, C., WRIGHT, A. J., BAI, Y., CONNOLLY, J., DE DEYN, G. B., DE 815 
KROON, H., ISBELL, F., MILCU, A., ROSCHER, C., SCHERER-LORENZEN, M., SCHMID, B. & WEIGELT, A. 816 
(2019). The Future of Complementarity: Disentangling Causes from Consequences. Trends in 817 
Ecology & Evolution 34(2), 167-180. 818 

BASILE, M. (2022). Rare species disproportionally contribute to functional diversity in managed 819 
forests. Sci Rep 12(1), 5897. 820 

BASNET, D., KANDEL, P., CHETTRI, N., YANG, Y., LODHI, M. S., HTUN, N. Z., UDDIN, K. & SHARMA, E. (2019). 821 
Biodiversity Research Trends and Gaps from the Confluence of Three Global Biodiversity 822 
Hotspots in the Far-Eastern Himalaya. International Journal of Ecology 2019(1), 1323419. 823 

BELBIN, L., WALLIS, E., HOBERN, D. & ZERGER, A. (2021). The Atlas of Living Australia: History, current state 824 
and future directions. Biodiversity Data Journal 9. 825 

BELL, T., NEWMAN, J. A., SILVERMAN, B. W., TURNER, S. L. & LILLEY, A. K. (2005). The contribution of species 826 
richness and composition to bacterial services. Nature 436(7054), 1157-1160. 827 

BELLETTI, B., GARCIA DE LEANIZ, C., JONES, J., BIZZI, S., BÖRGER, L., SEGURA, G., CASTELLETTI, A., VAN DE BUND, 828 
W., AARESTRUP, K., BARRY, J., BELKA, K., BERKHUYSEN, A., BIRNIE-GAUVIN, K., BUSSETTINI, M., CAROLLI, 829 
M., et al. (2020). More than one million barriers fragment Europe’s rivers. Nature 588(7838), 830 
436-441. 831 

BELLON, M. R., DULLOO, E., SARDOS, J., THORMANN, I. & BURDON, J. J. (2017). In situ conservation—832 
harnessing natural and human-derived evolutionary forces to ensure future crop adaptation. 833 
Evolutionary Applications 10(10), 965-977. 834 

BENNIE, J. J., DUFFY, J. P., INGER, R. & GASTON, K. J. (2014). Biogeography of time partitioning in 835 
mammals. Proceedings of the National Academy of Sciences 111(38), 13727-13732. 836 

BERNATCHEZ, L., WELLENREUTHER, M., ARANEDA, C., ASHTON, D. T., BARTH, J. M. I., BEACHAM, T. D., MAES, G. 837 
E., MARTINSOHN, J. T., MILLER, K. M., NAISH, K. A., OVENDEN, J. R., PRIMMER, C. R., YOUNG SUK, H., 838 
THERKILDSEN, N. O. & WITHLER, R. E. (2017). Harnessing the Power of Genomics to Secure the 839 
Future of Seafood. Trends in Ecology & Evolution 32(9), 665-680. 840 

BIODIVERSITY, L. R. N. (2024). 10 Must Knows from Biodiversity Science 2024 (Version 1). Potsdam 841 
Institute for Climate Impact Research. 842 

BISHOP, I. W., ANDERSON, S. I., COLLINS, S. & RYNEARSON, T. A. (2022). Thermal trait variation may buffer 843 
Southern Ocean phytoplankton from anthropogenic warming. Global Change Biology 28(19), 844 
5755-5767. 845 

BOHAN, D. A., VACHER, C., TAMADDONI-NEZHAD, A., RAYBOULD, A., DUMBRELL, A. J. & WOODWARD, G. (2017). 846 
Next-Generation Global Biomonitoring: Large-scale, Automated Reconstruction of Ecological 847 
Networks. Trends in Ecology & Evolution 32(7), 477-487. 848 

BOLNICK, D. I., AMARASEKARE, P., ARAUJO, M. S., BURGER, R., LEVINE, J. M., NOVAK, M., RUDOLF, V. H., 849 
SCHREIBER, S. J., URBAN, M. C. & VASSEUR, D. A. (2011). Why intraspecific trait variation matters 850 
in community ecology. Trends Ecol Evol 26(4), 183-92. 851 

BONGERS, F. J., SCHMID, B., BRUELHEIDE, H., BONGERS, F., LI, S., VON OHEIMB, G., LI, Y., CHENG, A., MA, K. & LIU, 852 
X. (2021). Functional diversity effects on productivity increase with age in a forest 853 
biodiversity experiment. Nature Ecology & Evolution 5(12), 1594-1603. 854 

BONNET, X., SHINE, R. & LOURDAIS, O. (2002). Taxonomic chauvinism. Trends in Ecology & Evolution 855 
17(1), 1-3. 856 

BOWLER, D. E., BOYD, R. J., CALLAGHAN, C. T., ROBINSON, R. A., ISAAC, N. J. B. & POCOCK, M. J. O. (2025). 857 
Treating gaps and biases in biodiversity data as a missing data problem. Biological Reviews 858 
100(1), 50-67. 859 

BREINLINGER, S., PHILLIPS, T. J., HARAM, B. N., MAREŠ, J., MARTÍNEZ YERENA, J. A., HROUZEK, P., SOBOTKA, R., 860 
HENDERSON, W. M., SCHMIEDER, P., WILLIAMS, S. M., LAUDERDALE, J. D., WILDE, H. D., GERRIN, W., 861 
KUST, A., WASHINGTON, J. W., et al. (2021). Hunting the eagle killer: A cyanobacterial 862 
neurotoxin causes vacuolar myelinopathy. Science 371(6536), eaax9050. 863 

BRENNAN, G. L. & LOGARES, R. (2023). Tracking contemporary microbial evolution in a changing ocean. 864 
Trends in Microbiology 31(4), 336-345. 865 



25 

BROOKS, E. G., HOLLAND, R. A., DARWALL, W. R., EIGENBROD, F. & TITTENSOR, D. (2016). Global evidence of 866 
positive impacts of freshwater biodiversity on fishery yields. Glob Ecol Biogeogr 25(5), 553-867 
562. 868 

BUCHNER, D., SINCLAIR, J. S., AYASSE, M., BEERMANN, A. J., BUSE, J., DZIOCK, F., ENSS, J., FRENZEL, M., HORREN, 869 
T., LI, Y., MONAGHAN, M. T., MORKEL, C., MULLER, J., PAULS, S. U., RICHTER, R., et al. (2025). 870 
Upscaling biodiversity monitoring: Metabarcoding estimates 31,846 insect species from 871 
Malaise traps across Germany. Mol Ecol Resour 25(1), e14023. 872 

BURIAN, A., KREMEN, C., WU, J. S.-T., BECKMANN, M., BULLING, M., GARIBALDI, L. A., KRISZTIN, T., MEHRABI, Z., 873 
RAMANKUTTY, N. & SEPPELT, R. (2024). Biodiversity–production feedback effects lead to 874 
intensification traps in agricultural landscapes. Nature Ecology & Evolution 8(4), 752-760. 875 

BURKHARDT, U., RUSSELL, D. J., DECKER, P., DÖHLER, M., HÖFER, H., LESCH, S., RICK, S., RÖMBKE, J., TROG, C., 876 
VORWALD, J., WURST, E. & XYLANDER, W. E. R. (2014). The Edaphobase project of GBIF-877 
Germany—A new online soil-zoological data warehouse. Applied Soil Ecology 83, 3-12. 878 

BUXTON, M. N., GASKETT, A. C., LORD, J. M. & PATTEMORE, D. E. (2022). A global review demonstrating the 879 
importance of nocturnal pollinators for crop plants. Journal of Applied Ecology 59(12), 2890-880 
2901. 881 

CARDINALE, B. J., DUFFY, J. E., GONZALEZ, A., HOOPER, D. U., PERRINGS, C., VENAIL, P., NARWANI, A., MACE, G. 882 
M., TILMAN, D., WARDLE, D. A., KINZIG, A. P., DAILY, G. C., LOREAU, M., GRACE, J. B., LARIGAUDERIE, A., 883 
et al. (2012). Biodiversity loss and its impact on humanity. Nature 486(7401), 59-67. 884 

CARLSON, C. J., DALLAS, T. A., ALEXANDER, L. W., PHELAN, A. L. & PHILLIPS, A. J. (2020). What would it take to 885 
describe the global diversity of parasites? Proc Biol Sci 287(1939), 20201841. 886 

CASAMAYOR, E. O., CÁLIZ, J., TRIADÓ-MARGARIT, X. & POINTING, S. B. (2023). Understanding atmospheric 887 
intercontinental dispersal of harmful microorganisms. Current Opinion in Biotechnology 81, 888 
102945. 889 

CAVICCHIOLI, R., RIPPLE, W. J., TIMMIS, K. N., AZAM, F., BAKKEN, L. R., BAYLIS, M., BEHRENFELD, M. J., BOETIUS, 890 
A., BOYD, P. W., CLASSEN, A. T., CROWTHER, T. W., DANOVARO, R., FOREMAN, C. M., HUISMAN, J., 891 
HUTCHINS, D. A., et al. (2019). Scientists’ warning to humanity: microorganisms and climate 892 
change. Nature Reviews Microbiology 17(9), 569-586. 893 

CHENG, S., MELKONIAN, M., SMITH, S. A., BROCKINGTON, S., ARCHIBALD, J. M., DELAUX, P.-M., LI, F.-W., 894 
MELKONIAN, B., MAVRODIEV, E. V., SUN, W., FU, Y., YANG, H., SOLTIS, D. E., GRAHAM, S. W., SOLTIS, P. 895 
S., et al. (2018). 10KP: A phylodiverse genome sequencing plan. GigaScience 7(3). 896 

CHIBA, S., BATTEN, S., MARTIN, C. S., IVORY, S., MILOSLAVICH, P. & WEATHERDON, L. V. (2018). Zooplankton 897 
monitoring to contribute towards addressing global biodiversity conservation challenges. 898 
Journal of Plankton Research 40(5), 509-518. 899 

CLERISSI, C., BRUNET, S., VIDAL-DUPIOL, J., ADJEROUD, M., LEPAGE, P., GUILLOU, L., ESCOUBAS, J. M. & TOULZA, E. 900 
(2018). Protists Within Corals: The Hidden Diversity. Front Microbiol 9, 2043. 901 

COLLEN, B., PURVIS, A. & GITTLEMAN, J. L. (2004). Biological correlates of description date in carnivores 902 
and primates. Global Ecology and Biogeography 13(5), 459-467. 903 

CORDIER, T., ANGELES, I. B., HENRY, N., LEJZEROWICZ, F., BERNEY, C., MORARD, R., BRANDT, A., CAMBON-904 
BONAVITA, M. A., GUIDI, L., LOMBARD, F., ARBIZU, P. M., MASSANA, R., OREJAS, C., POULAIN, J., SMITH, 905 
C. R., et al. (2022). Patterns of eukaryotic diversity from the surface to the deep-ocean 906 
sediment. Sci Adv 8(5), eabj9309. 907 

COSTELLO, M. J. & CHAUDHARY, C. (2017). Marine Biodiversity, Biogeography, Deep-Sea Gradients, and 908 
Conservation. Current Biology 27(11), R511-R527. 909 

COX, D. T. C. & GASTON, K. J. (2024). Ecosystem functioning across the diel cycle in the Anthropocene. 910 
Trends in Ecology & Evolution 39(1), 31-40. 911 

CRISFIELD, V. E., GUILLAUME BLANCHET, F., RAUDSEPP‐HEARNE, C. & GRAVEL, D. (2024). How and why species 912 
are rare: towards an understanding of the ecological causes of rarity. Ecography 2024(2). 913 

CUADRAT, R. R. C., IONESCU, D., DÁVILA, A. M. R. & GROSSART, H.-P. (2018). Recovering Genomics Clusters 914 
of Secondary Metabolites from Lakes Using Genome-Resolved Metagenomics. Frontiers in 915 
Microbiology Volume 9 - 2018. 916 



26 

DALTON, D. T., BERGER, V., ADAMS, V., BOTHA, J., HALLOY, S., KIRCHMEIR, H., SOVINC, A., STEINBAUER, K., ŠVARA, 917 
V. & JUNGMEIER, M. (2023). A Conceptual Framework for Biodiversity Monitoring Programs in 918 
Conservation Areas. Sustainability 15(8), 6779. 919 

DANOVARO, R., CORINALDESI, C., DELL’ANNO, A. & SNELGROVE, P. V. R. (2017). The deep-sea under global 920 
change. Current Biology 27(11), R461-R465. 921 

DEGEN, J., STORMS, M., LEE, C. B., JECHOW, A., STÖCKL, A. L., HÖLKER, F., JAKHAR, A., WALTER, T., WALTER, S., 922 
MITESSER, O., HOVESTADT, T. & DEGEN, T. (2024). Shedding light with harmonic radar: Unveiling 923 
the hidden impacts of streetlights on moth flight behavior. Proceedings of the National 924 
Academy of Sciences 121(42), e2401215121. 925 

DELGADO-BAQUERIZO, M., REICH, P. B., TRIVEDI, C., ELDRIDGE, D. J., ABADES, S., ALFARO, F. D., BASTIDA, F., 926 
BERHE, A. A., CUTLER, N. A., GALLARDO, A., GARCÍA-VELÁZQUEZ, L., HART, S. C., HAYES, P. E., HE, J.-Z., 927 
HSEU, Z.-Y., et al. (2020). Multiple elements of soil biodiversity drive ecosystem functions 928 
across biomes. Nature Ecology & Evolution 4(2), 210-220. 929 

DELLA ROCCA, F., MUSIANI, M., GALAVERNI, M. & MILANESI, P. (2024). Improving Online Citizen Science 930 
Platforms for Biodiversity Monitoring. Journal of Biogeography 51(12), 2412-2423. 931 

DES ROCHES, S., POST, D. M., TURLEY, N. E., BAILEY, J. K., HENDRY, A. P., KINNISON, M. T., SCHWEITZER, J. A. & 932 
PALKOVACS, E. P. (2018). The ecological importance of intraspecific variation. Nat Ecol Evol 933 
2(1), 57-64. 934 

DEUBEL, A. & MERBACH, W. (2005). Influence of Microorganisms on Phosphorus Bioavailability in Soils. 935 
In Microorganisms in Soils: Roles in Genesis and Functions. (eds A. Varma and F. Buscot), pp. 936 
177-191. Springer Berlin Heidelberg, Berlin, Heidelberg. 937 

DÍAZ, S., PASCUAL, U., STENSEKE, M., MARTÍN-LÓPEZ, B., WATSON, R. T., MOLNÁR, Z., HILL, R., CHAN, K. M. A., 938 
BASTE, I. A., BRAUMAN, K. A., POLASKY, S., CHURCH, A., LONSDALE, M., LARIGAUDERIE, A., LEADLEY, P. 939 
W., et al. (2018). Assessing nature's contributions to people. Science 359(6373), 270-272. 940 

DIAZ, S., PURVIS, A., CORNELISSEN, J. H., MACE, G. M., DONOGHUE, M. J., EWERS, R. M., JORDANO, P. & PEARSE, 941 
W. D. (2013). Functional traits, the phylogeny of function, and ecosystem service 942 
vulnerability. Ecol Evol 3(9), 2958-75. 943 

DIJKSTRA, K.-D. B., MONAGHAN, M. T. & PAULS, S. U. (2014). Freshwater Biodiversity and Aquatic Insect 944 
Diversification. Annual Review of Entomology 59(Volume 59, 2014), 143-163. 945 

DIRZO, R. & RAVEN, P. H. (2003). Global State of Biodiversity and Loss. Annual Review of Environment 946 
and Resources 28(1), 137-167. 947 

DORNELAS, M., CHASE, J. M., GOTELLI, N. J., MAGURRAN, A. E., MCGILL, B. J., ANTÃO, L. H., BLOWES, S. A., 948 
DASKALOVA, G. N., LEUNG, B., MARTINS, I. S., MOYES, F., MYERS-SMITH, I. H., THOMAS, C. D. & 949 
VELLEND, M. (2023). Looking back on biodiversity change: lessons for the road ahead. 950 
Philosophical Transactions of the Royal Society B: Biological Sciences 378(1881), 20220199. 951 

DUFFY, J. E., LEFCHECK, J. S., STUART-SMITH, R. D., NAVARRETE, S. A. & EDGAR, G. J. (2016). Biodiversity 952 
enhances reef fish biomass and resistance to climate change. Proceedings of the National 953 
Academy of Sciences 113(22), 6230-6235. 954 

EISENHAUER, N., BONN, A. & GUERRA, C. A. (2019). Recognizing the quiet extinction of invertebrates. 955 
Nature Communications 10(1), 50. 956 

EISENHAUER, N., FRANK, K., WEIGELT, A., BARTKOWSKI, B., BEUGNON, R., LIEBAL, K., MAHECHA, M., QUAAS, M., 957 
AL-HALBOUNI, D., BASTOS, A., BOHN, F. J., DE BRITO, M. M., DENZLER, J., FEILHAUER, H., FISCHER, R., et 958 
al. (2024a). A belowground perspective on the nexus between biodiversity change, climate 959 
change, and human well-being. Journal of Sustainable Agriculture and Environment 3(2), 960 
e212108. 961 

EISENHAUER, N. & HINES, J. (2021). Invertebrate biodiversity and conservation. Curr Biol 31(19), R1214-962 
R1218. 963 

EISENHAUER, N., MUELLER, K., EBELING, A., GLEIXNER, G., HUANG, Y., MADAJ, A.-M., ROSCHER, C., WEIGELT, A., 964 
BAHN, M., BONKOWSKI, M., BROSE, U., CESARZ, S., FEILHAUER, H., GUIMARAES-STEINICKE, C., HEINTZ-965 
BUSCHART, A., et al. (2024b). The multiple-mechanisms hypothesis of biodiversity–stability 966 
relationships. Basic and Applied Ecology 79, 153-166. 967 

EMMETT DUFFY, J., PAUL RICHARDSON, J. & CANUEL, E. A. (2003). Grazer diversity effects on ecosystem 968 
functioning in seagrass beds. Ecology Letters 6(7), 637-645. 969 



27 

ESPINOSA PRIETO, A., BEISEL, J. N., VERSCHUREN, P. & HARDION, L. (2023). Toward freshwater plant diversity 970 
surveys with eDNA barcoding and metabarcoding. Environmental DNA 5(4), 648-670. 971 

FALKOWSKI, P. G., FENCHEL, T. & DELONG, E. F. (2008). The microbial engines that drive Earth's 972 
biogeochemical cycles. Science 320(5879), 1034-9. 973 

FAO. (2019). The State of the World’s Aquatic Genetic Resources for Food and Agriculture. FAO 974 
Commission on Genetic Resources for Food and Agriculture assessments.[Google Scholar]. 975 

FARINHA, A. T., DI TRIA, J., REYES, M., ROSAS, C., PANG, O., ZUFFEREY, R., POMATI, F. & KOVAC, M. (2022). Off-976 
shore and underwater sampling of aquatic environments with the aerial-aquatic drone 977 
MEDUSA. Frontiers in Environmental Science Volume 10 - 2022. 978 

FIERER, N. (2017). Embracing the unknown: disentangling the complexities of the soil microbiome. 979 
Nature Reviews Microbiology 15(10), 579-590. 980 

FIJEN, T. P. M., ROOVERS, A., VAN DEIJK, J. & VAN GRUNSVEN, R. H. A. (2023). Nocturnal pollination is equally 981 
important as, and complementary to, diurnal pollination for strawberry fruit production. 982 
Agriculture, Ecosystems & Environment 350, 108475. 983 

FIORINI, F., BAJERSKI, F., JESKE, O., LEPLEUX, C., OVERMANN, J. & BRÖNSTRUP, M. (2022). A Metabolomics-984 
Based Toolbox to Assess and Compare the Metabolic Potential of Unexplored, Difficult-to-985 
Grow Bacteria. Marine Drugs 20(11), 713. 986 

FISCHER, M., BOSSDORF, O., GOCKEL, S., HÄNSEL, F., HEMP, A., HESSENMÖLLER, D., KORTE, G., NIESCHULZE, J., 987 
PFEIFFER, S., PRATI, D., RENNER, S., SCHÖNING, I., SCHUMACHER, U., WELLS, K., BUSCOT, F., et al. 988 
(2010). Implementing large-scale and long-term functional biodiversity research: The 989 
Biodiversity Exploratories. Basic and Applied Ecology 11(6), 473-485. 990 

FLANDROY, L., POUTAHIDIS, T., BERG, G., CLARKE, G., DAO, M. C., DECAESTECKER, E., FURMAN, E., HAAHTELA, T., 991 
MASSART, S., PLOVIER, H., SANZ, Y. & ROOK, G. (2018). The impact of human activities and 992 
lifestyles on the interlinked microbiota and health of humans and of ecosystems. Sci Total 993 
Environ 627, 1018-1038. 994 

FLOCCO, C. G., MAC CORMACK, W. P. & SMALLA, K. (2019). Antarctic Soil Microbial Communities in a 995 
Changing Environment: Their Contributions to the Sustainability of Antarctic Ecosystems and 996 
the Bioremediation of Anthropogenic Pollution. In The Ecological Role of Micro-organisms in 997 
the Antarctic Environment. (ed S. Castro-Sowinski), pp. 133-161. Springer International 998 
Publishing, Cham. 999 

FORBES, A. A., BAGLEY, R. K., BEER, M. A., HIPPEE, A. C. & WIDMAYER, H. A. (2018). Quantifying the 1000 
unquantifiable: why Hymenoptera, not Coleoptera, is the most speciose animal order. BMC 1001 
Ecology 18(1), 21. 1002 

FRAISL, D., HAGER, G., BEDESSEM, B., GOLD, M., HSING, P.-Y., DANIELSEN, F., HITCHCOCK, C. B., HULBERT, J. M., 1003 
PIERA, J., SPIERS, H., THIEL, M. & HAKLAY, M. (2022). Citizen science in environmental and 1004 
ecological sciences. Nature Reviews Methods Primers 2(1), 64. 1005 

FROESE, R., ZELLER, D., KLEISNER, K. & PAULY, D. (2012). What catch data can tell us about the status of 1006 
global fisheries. Marine Biology 159(6), 1283-1292. 1007 

FU, Y., ZHU, Z., LIU, L., ZHAN, W., HE, T., SHEN, H., ZHAO, J., LIU, Y., ZHANG, H., LIU, Z., XUE, Y. & AO, Z. (2024). 1008 
Remote Sensing Time Series Analysis: A Review of Data and Applications. Journal of Remote 1009 
Sensing 4, 0285. 1010 

GASCON, C., BROOKS, THOMAS M., CONTRERAS-MACBEATH, T., HEARD, N., KONSTANT, W., LAMOREUX, J., 1011 
LAUNAY, F., MAUNDER, M., MITTERMEIER, RUSSELL A., MOLUR, S., AL MUBARAK, RAZAN K., PARR, 1012 
MICHAEL J., RHODIN, ANDERS G. J., RYLANDS, ANTHONY B., SOORAE, P., et al. (2015). The Importance 1013 
and Benefits of Species. Current Biology 25(10), R431-R438. 1014 

GĄSIOREK, P., SØRENSEN, M. V., LILLEMARK, M. R., LEERHØI, F. & TØTTRUP, A. P. (2024). Massive citizen 1015 
science sampling and integrated taxonomic approach unravel Danish cryptogam-dwelling 1016 
tardigrade fauna. Frontiers in Zoology 21(1), 27. 1017 

GASTON, K. J. (2019). Nighttime Ecology: The “Nocturnal Problem” Revisited. The American Naturalist 1018 
193(4), 481-502. 1019 

GEISEN, S., BRIONES, M. J. I., GAN, H., BEHAN-PELLETIER, V. M., FRIMAN, V.-P., DE GROOT, G. A., HANNULA, S. E., 1020 
LINDO, Z., PHILIPPOT, L., TIUNOV, A. V. & WALL, D. H. (2019). A methodological framework to 1021 
embrace soil biodiversity. Soil Biology and Biochemistry 136, 107536. 1022 



28 

GEIST, J. (2010). Strategies for the conservation of endangered freshwater pearl mussels 1023 
(Margaritifera margaritifera L.): a synthesis of Conservation Genetics and Ecology. 1024 
Hydrobiologia 644(1), 69-88. 1025 

GERRINGER, M. E., LINLEY, T. D., JAMIESON, A. J., GOETZE, E. & DRAZEN, J. C. (2017). Pseudoliparis swirei sp. 1026 
nov.: A newly-discovered hadal snailfish (Scorpaeniformes: Liparidae) from the Mariana 1027 
Trench. Zootaxa 4358(1), 161-177. 1028 

GILLMANN, S. M., LORENZ, A. W., KAIJSER, W., NGUYEN, H. H., HAASE, P. & HERING, D. (2024). How 1029 
tolerances, competition and dispersal shape benthic invertebrate colonisation in restored 1030 
urban streams. Science of The Total Environment 929, 172665. 1031 

GRENIÉ, M., BERTI, E., CARVAJAL-QUINTERO, J., DÄDLOW, G. M. L., SAGOUIS, A. & WINTER, M. (2023). 1032 
Harmonizing taxon names in biodiversity data: A review of tools, databases and best 1033 
practices. Methods in Ecology and Evolution 14(1), 12-25. 1034 

GRIMM, V., HAUBER, M. E., BERGER, U., MEYER, K. M. & RAILSBACK, S. F. (2025). A manifesto for Individual-1035 
based Ecology. Individual-based Ecology 1. 1036 

GROSBERG, R. K., VERMEIJ, G. J. & WAINWRIGHT, P. C. (2012). Biodiversity in water and on land. Curr Biol 1037 
22(21), R900-3. 1038 

GUERRA, C. A., BARDGETT, R. D., CAON, L., CROWTHER, T. W., DELGADO-BAQUERIZO, M., MONTANARELLA, L., 1039 
NAVARRO, L. M., ORGIAZZI, A., SINGH, B. K., TEDERSOO, L., VARGAS-ROJAS, R., BRIONES, M. J. I., BUSCOT, 1040 
F., CAMERON, E. K., CESARZ, S., et al. (2021). Tracking, targeting, and conserving soil biodiversity. 1041 
Science 371(6526), 239-241. 1042 

GUERRA, C. A., BERDUGO, M., ELDRIDGE, D. J., EISENHAUER, N., SINGH, B. K., CUI, H., ABADES, S., ALFARO, F. D., 1043 
BAMIGBOYE, A. R., BASTIDA, F., BLANCO-PASTOR, J. L., DE LOS RÍOS, A., DURÁN, J., GREBENC, T., ILLÁN, J. 1044 
G., et al. (2022). Global hotspots for soil nature conservation. Nature 610(7933), 693-698. 1045 

GUERRERO-RAMÍREZ, N. R., CRAVEN, D., REICH, P. B., EWEL, J. J., ISBELL, F., KORICHEVA, J., PARROTTA, J. A., AUGE, 1046 
H., ERICKSON, H. E., FORRESTER, D. I., HECTOR, A., JOSHI, J., MONTAGNINI, F., PALMBORG, C., PIOTTO, D., 1047 
et al. (2017). Diversity-dependent temporal divergence of ecosystem functioning in 1048 
experimental ecosystems. Nature Ecology & Evolution 1(11), 1639-1642. 1049 

GÜNTSCH, A., OVERMANN, J., EBERT, B., BONN, A., LE BRAS, Y., ENGEL, T., HOVSTAD, K. A., LANGE CANHOS, D. A., 1050 
NEWMAN, P., VAN OMMEN KLOEKE, E., RATCLIFFE, S., LE ROUX, M., SMITH, V. S., TRIEBEL, D., 1051 
FICHTMUELLER, D., et al. (2024). National biodiversity data infrastructures: ten essential 1052 
functions for science, policy, and practice. BioScience 75(2), 139-151. 1053 

HAAHTELA, T. (2019). A biodiversity hypothesis. Allergy 74(8), 1445-1456. 1054 
HAASE, P., BOWLER, D. E., BAKER, N. J., BONADA, N., DOMISCH, S., GARCIA MARQUEZ, J. R., HEINO, J., HERING, D., 1055 

JÄHNIG, S. C., SCHMIDT-KLOIBER, A., STUBBINGTON, R., ALTERMATT, F., ÁLVAREZ-CABRIA, M., AMATULLI, 1056 
G., ANGELER, D. G., et al. (2023). The recovery of European freshwater biodiversity has come 1057 
to a halt. Nature 620(7974), 582-588. 1058 

HANSON, T., BROOKS, T. M., DA FONSECA, G. A. B., HOFFMANN, M., LAMOREUX, J. F., MACHLIS, G., MITTERMEIER, 1059 
C. G., MITTERMEIER, R. A. & PILGRIM, J. D. (2009). Warfare in Biodiversity Hotspots. Conservation 1060 
Biology 23(3), 578-587. 1061 

HARMS, H., SCHLOSSER, D. & WICK, L. Y. (2011). Untapped potential: exploiting fungi in bioremediation of 1062 
hazardous chemicals. Nature Reviews Microbiology 9(3), 177-192. 1063 

HARPER, L. R., LAWSON HANDLEY, L., HAHN, C., BOONHAM, N., REES, H. C., LEWIS, E., ADAMS, I. P., BROTHERTON, 1064 
P., PHILLIPS, S. & HÄNFLING, B. (2020). Generating and testing ecological hypotheses at the 1065 
pondscape with environmental DNA metabarcoding: A case study on a threatened 1066 
amphibian. Environmental DNA 2(2), 184-199. 1067 

HE, F., JÄHNIG, S. C., WETZIG, A. & LANGHANS, S. D. (2021). More exposure opportunities for promoting 1068 
freshwater conservation. Aquatic Conservation: Marine and Freshwater Ecosystems 31(12), 1069 
3626-3635. 1070 

HE, F., SVENNING, J.-C., CHEN, X., TOCKNER, K., KUEMMERLE, T., LE ROUX, E., MOLEÓN, M., GESSNER, J. & JÄHNIG, 1071 
S. C. (2024). Freshwater megafauna shape ecosystems and facilitate restoration. Biological 1072 
Reviews 99(4), 1141-1163. 1073 

HE, F., ZARFL, C., BREMERICH, V., DAVID, J. N. W., HOGAN, Z., KALINKAT, G., TOCKNER, K. & JÄHNIG, S. C. (2019). 1074 
The global decline of freshwater megafauna. Global Change Biology 25(11), 3883-3892. 1075 



29 

HE, Z., XU, M., DENG, Y., KANG, S., KELLOGG, L., WU, L., VAN NOSTRAND, J. D., HOBBIE, S. E., REICH, P. B. & 1076 
ZHOU, J. (2010). Metagenomic analysis reveals a marked divergence in the structure of 1077 
belowground microbial communities at elevated CO2. Ecology Letters 13(5), 564-575. 1078 

HEGER, T., BERNARD-VERDIER, M., GESSLER, A., GREENWOOD, A. D., GROSSART, H.-P., HILKER, M., KEINATH, S., 1079 
KOWARIK, I., KUEFFER, C., MARQUARD, E., MÜLLER, J., NIEMEIER, S., ONANDIA, G., PETERMANN, J. S., 1080 
RILLIG, M. C., et al. (2019). Towards an Integrative, Eco-Evolutionary Understanding of 1081 
Ecological Novelty: Studying and Communicating Interlinked Effects of Global Change. 1082 
BioScience 69(11), 888-899. 1083 

HEINRICH, M., SCOTTI, F., ANDRADE-CETTO, A., BERGER-GONZALEZ, M., ECHEVERRÍA, J., FRISO, F., GARCIA-1084 
CARDONA, F., HESKETH, A., HITZIGER, M., MAAKE, C., POLITI, M., SPADAFORA, C. & SPADAFORA, R. 1085 
(2020). Access and Benefit Sharing Under the Nagoya Protocol—Quo Vadis? Six Latin 1086 
American Case Studies Assessing Opportunities and Risk. Frontiers in Pharmacology Volume 1087 
11 - 2020. 1088 

HELIÖVAARA, K., VÄISÄNEN, R. & SIMON, C. (1994). Evolutionary ecology of periodical insects. Trends in 1089 
Ecology & Evolution 9(12), 475-480. 1090 

HENDRY, A. P. (2017). Eco-evolutionary Dynamics. Princeton University Press, Princeton. 1091 
HILT, S., KÖHLER, J., ADRIAN, R., MONAGHAN, M. T. & SAYER, C. D. (2013). Clear, crashing, turbid and back – 1092 

long‐term changes in macrophyte assemblages in a shallow lake. Freshwater Biology 58(10), 1093 
2027-2036. 1094 

HÖLKER, F., VANNI, M. J., KUIPER, J. J., MEILE, C., GROSSART, H.-P., STIEF, P., ADRIAN, R., LORKE, A., DELLWIG, O., 1095 
BRAND, A., HUPFER, M., MOOIJ, W. M., NÜTZMANN, G. & LEWANDOWSKI, J. (2015). Tube-dwelling 1096 
invertebrates: tiny ecosystem engineers have large effects in lake ecosystems. Ecological 1097 
Monographs 85(3), 333-351. 1098 

HÖLKER, F., WOLTER, C., PERKIN, E. K. & TOCKNER, K. (2010). Light pollution as a biodiversity threat. Trends 1099 
in Ecology & Evolution 25(12), 681-682. 1100 

HONG, P., SCHMID, B., DE LAENDER, F., EISENHAUER, N., ZHANG, X., CHEN, H., CRAVEN, D., DE BOECK, H. J., 1101 
HAUTIER, Y., PETCHEY, O. L., REICH, P. B., STEUDEL, B., STRIEBEL, M., THAKUR, M. P. & WANG, S. (2022). 1102 
Biodiversity promotes ecosystem functioning despite environmental change. Ecology Letters 1103 
25(2), 555-569. 1104 

HOOPER, D. U., ADAIR, E. C., CARDINALE, B. J., BYRNES, J. E. K., HUNGATE, B. A., MATULICH, K. L., GONZALEZ, A., 1105 
DUFFY, J. E., GAMFELDT, L. & O’CONNOR, M. I. (2012). A global synthesis reveals biodiversity loss 1106 
as a major driver of ecosystem change. Nature 486(7401), 105-108. 1107 

HORTAL, J., DE BELLO, F., DINIZ-FILHO, J. A. F., LEWINSOHN, T. M., LOBO, J. M. & LADLE, R. J. (2015). Seven 1108 
Shortfalls that Beset Large-Scale Knowledge of Biodiversity. Annual Review of Ecology, 1109 
Evolution, and Systematics 46(1), 523-549. 1110 

HOSHINO, T., DOI, H., URAMOTO, G.-I., WÖRMER, L., ADHIKARI, R. R., XIAO, N., MORONO, Y., D’HONDT, S., 1111 
HINRICHS, K.-U. & INAGAKI, F. (2020). Global diversity of microbial communities in marine 1112 
sediment. Proceedings of the National Academy of Sciences 117(44), 27587-27597. 1113 

HUGHES, A. C., ORR, M. C., MA, K., COSTELLO, M. J., WALLER, J., PROVOOST, P., YANG, Q., ZHU, C. & QIAO, H. 1114 
(2021). Sampling biases shape our view of the natural world. Ecography 44(9), 1259-1269. 1115 

HUGHES, A. R., INOUYE, B. D., JOHNSON, M. T., UNDERWOOD, N. & VELLEND, M. (2008). Ecological 1116 
consequences of genetic diversity. Ecol Lett 11(6), 609-23. 1117 

HUMPHRIES, P. & WINEMILLER, K. O. (2009). Historical Impacts on River Fauna, Shifting Baselines, and 1118 
Challenges for Restoration. BioScience 59(8), 673-684. 1119 

HYDE, K. D. (2022). The numbers of fungi. Fungal Diversity 114(1), 1-1. 1120 
IGB. (2020). Plans to regulate the River Oder pose risks to nature and sustainable use. IGB Policy 1121 

Brief, Leibniz Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany. 1122 
IPBES. (2019). Summary for policymakers of the global assessment report on biodiversity and 1123 

ecosystem services of the Intergovernmental 1124 

Science-Policy Platform on Biodiversity and Ecosystem Services. In (eds S. Díaz, J. Settele, E. S. 1125 
Brondízio, H. T. Ngo, M. Guèze, J. Agard, A. Arneth, P. Balvanera, K. A. Brauman, S. H. M. 1126 
Butchart, K. M. A. Chan, L. A. Garibaldi, K. Ichii, J. Liu, S. M. Subramanian, G. F. Midgley, P. 1127 



30 

Miloslavich, Z. Molnár, D. Obura, A. Pfaff, S. Polasky, A. Purvis, J. Razzaque, B. Reyers, R. R. 1128 
Chowdhury, Y. J. Shin, I. J. Visseren-Hamakers, K. J. Willis and C. N. Zayas), IPBES secretariat, 1129 
Bonn, Germany. 56 pages. 1130 

ISBELL, F., GONZALEZ, A., LOREAU, M., COWLES, J., DÍAZ, S., HECTOR, A., MACE, G. M., WARDLE, D. A., 1131 
O'CONNOR, M. I., DUFFY, J. E., TURNBULL, L. A., THOMPSON, P. L. & LARIGAUDERIE, A. (2017). Linking 1132 
the influence and dependence of people on biodiversity across scales. Nature 546(7656), 65-1133 
72. 1134 

JANSSON, J. K. (2023). Microorganisms, climate change, and the Sustainable Development Goals: 1135 
progress and challenges. Nature Reviews Microbiology 21(10), 622-623. 1136 

JESCHKE, J. M., LOKATIS, S., BARTRAM, I. & TOCKNER, K. (2019). Knowledge in the dark: scientific challenges 1137 
and ways forward. FACETS 4(1), 423-441. 1138 

JOHNSON, N. C., SCHEU, S., RAMIREZ, K. S., LEMANCEAU, P., EGGLETON, P., JONES, A., MOREIRA, F. M. S., 1139 
BARRIOS, E., DE DEYN, G. B., BRIONES, M. J. I., KANEKO, N., KANDELER, E., WALL, D. H., SIX, J., FIERER, 1140 
N., et al. (2016). Global soil biodiversity atlas. Publications Office. 1141 

JOHNSTON, A., MATECHOU, E. & DENNIS, E. B. (2023). Outstanding challenges and future directions for 1142 
biodiversity monitoring using citizen science data. Methods in Ecology and Evolution 14(1), 1143 
103-116. 1144 

JONES, O. R., PURVIS, A., BAUMGART, E. & QUICKE, D. L. J. (2009). Using taxonomic revision data to 1145 
estimate the geographic and taxonomic distribution of undescribed species richness in the 1146 
Braconidae (Hymenoptera: Ichneumonoidea). Insect Conservation and Diversity 2(3), 204-1147 
212. 1148 

JOUSSET, A., BIENHOLD, C., CHATZINOTAS, A., GALLIEN, L., GOBET, A., KURM, V., KUSEL, K., RILLIG, M. C., RIVETT, 1149 
D. W., SALLES, J. F., VAN DER HEIJDEN, M. G., YOUSSEF, N. H., ZHANG, X., WEI, Z. & HOL, W. H. (2017). 1150 
Where less may be more: how the rare biosphere pulls ecosystems strings. ISME J 11(4), 853-1151 
862. 1152 

KANDELER, E., STEMMER, M. & GERZABEK, M. H. (2005). Role of Microorganisms in Carbon Cycling in Soils. 1153 
In Microorganisms in Soils: Roles in Genesis and Functions. (eds A. Varma and F. Buscot), pp. 1154 
139-157. Springer Berlin Heidelberg, Berlin, Heidelberg. 1155 

KAPLAN, Z. & FEHRER, J. (2013). Molecular identification of hybrids from a former hot spot of 1156 
Potamogeton hybrid diversity. Aquatic Botany 105, 34-40. 1157 

KAREIVA, P. & MARVIER, M. (2012). What Is Conservation Science? BioScience 62(11), 962-969. 1158 
KARLSSON, D., HARTOP, E., FORSHAGE, M., JASCHHOF, M. & RONQUIST, F. (2020). The Swedish Malaise Trap 1159 

Project: A 15 Year Retrospective on a Countrywide Insect Inventory. Biodiversity Data Journal 1160 
8. 1161 

KEESING, F., BELDEN, L. K., DASZAK, P., DOBSON, A., HARVELL, C. D., HOLT, R. D., HUDSON, P., JOLLES, A., JONES, 1162 
K. E., MITCHELL, C. E., MYERS, S. S., BOGICH, T. & OSTFELD, R. S. (2010). Impacts of biodiversity on 1163 
the emergence and transmission of infectious diseases. Nature 468(7324), 647-652. 1164 

KELLY, C. L., SCHWARZKOPF, L., GORDON, I. J. & HIRSCH, B. (2021). Population growth lags in introduced 1165 
species. Ecology and Evolution 11(9), 4577-4587. 1166 

KIMMIG, S. E., HÖLKER, F., SCHROER, S., KASSIEM, A. & KIEFER, S. (2025). Come to the dark side – citizen 1167 
science in nighttime ecology. BMC Ecology and Evolution 25(1), 15. 1168 

KNOP, E., ZOLLER, L., RYSER, R., GERPE, C., HÖRLER, M. & FONTAINE, C. (2017). Artificial light at night as a 1169 
new threat to pollination. Nature 548(7666), 206-209. 1170 

KOCHALSKI, S., RIEPE, C., FUJITANI, M., AAS, Ø. & ARLINGHAUS, R. (2019). Public perception of river fish 1171 
biodiversity in four European countries. Conservation Biology 33(1), 164-175. 1172 

KÖHLER, J., VARGA, E., SPAHR, S., GESSNER, J., STELZER, K., BRANDT, G., MAHECHA, M. D., KRAEMER, G., PUSCH, 1173 
M., WOLTER, C., MONAGHAN, M. T., STÖCK, M. & GOLDHAMMER, T. (2024). Unpredicted ecosystem 1174 
response to compound human impacts in a European river. Scientific Reports 14(1), 16445. 1175 

KOSMALA, M., WIGGINS, A., SWANSON, A. & SIMMONS, B. (2016). Assessing data quality in citizen science. 1176 
Frontiers in Ecology and the Environment 14(10), 551-560. 1177 

KOST, C., PATIL, K. R., FRIEDMAN, J., GARCIA, S. L. & RALSER, M. (2023). Metabolic exchanges are ubiquitous 1178 
in natural microbial communities. Nature Microbiology 8(12), 2244-2252. 1179 



31 

KRAUSE, S. M. B., BERTILSSON, S., GROSSART, H.-P., BODELIER, P. L. E., VAN BODEGOM, P. M., LENNON, J. T., 1180 
PHILIPPOT, L. & LE ROUX, X. (2022). Chapter Four - Microbial trait-based approaches for 1181 
agroecosystems. In Advances in Agronomy. (Volume 175, ed D. L. Sparks), pp. 259-299. 1182 
Academic Press. 1183 

KÜHL, H. S., BOWLER, D. E., BÖSCH, L., BRUELHEIDE, H., DAUBER, J., EICHENBERG, D., EISENHAUER, N., FERNÁNDEZ, 1184 
N., GUERRA, C. A., HENLE, K., HERBINGER, I., ISAAC, N. J. B., JANSEN, F., KÖNIG-RIES, B., KÜHN, I., et al. 1185 
(2020). Effective Biodiversity Monitoring Needs a Culture of Integration. One Earth 3(4), 462-1186 
474. 1187 

KUNIN, W. E. & GASTON, K. J. (1993). The biology of rarity: Patterns, causes and consequences. Trends 1188 
in Ecology & Evolution 8(8), 298-301. 1189 

KYBA, C. C. M., PRITCHARD, S. B., EKIRCH, A. R., ELDRIDGE, A., JECHOW, A., PREISER, C., KUNZ, D., HENCKEL, D., 1190 
HÖLKER, F., BARENTINE, J., BERGE, J., MEIER, J., GWIAZDZINSKI, L., SPITSCHAN, M., MILAN, M., et al. 1191 
(2020). Night Matters—Why the Interdisciplinary Field of “Night Studies” Is Needed. J 3(1), 1-1192 
6. 1193 

LARSEN, B. B., MILLER, E. C., RHODES, M. K. & WIENS, J. J. (2017). Inordinate Fondness Multiplied and 1194 
Redistributed: the Number of Species on Earth and the New Pie of Life. The Quarterly Review 1195 
of Biology 92(3), 229-265. 1196 

LEWICKA-RATAJ, K., HEESE, T., PIKUŁA, K. & ARCISZEWSKI, M. (2024). The microbiological activity of lake 1197 
sediments before and after application of EM (effective microorganisms). Ecohydrology & 1198 
Hydrobiology 24(2), 311-320. 1199 

LI, X. & WIENS, J. J. (2023). Estimating Global Biodiversity: The Role of Cryptic Insect Species. Syst Biol 1200 
72(2), 391-403. 1201 

LIANG, J., CROWTHER, T. W., PICARD, N., WISER, S., ZHOU, M., ALBERTI, G., SCHULZE, E. D., MCGUIRE, A. D., 1202 
BOZZATO, F., PRETZSCH, H., DE-MIGUEL, S., PAQUETTE, A., HERAULT, B., SCHERER-LORENZEN, M., 1203 
BARRETT, C. B., et al. (2016). Positive biodiversity-productivity relationship predominant in 1204 
global forests. Science 354(6309). 1205 

LINDKEN, T., ANDERSON, C. V., ARIANO-SANCHEZ, D., BARKI, G., BIGGS, C., BOWLES, P., CHAITANYA, R., CRONIN, D. 1206 
T., JAHNIG, S. C., JESCHKE, J. M., KENNERLEY, R. J., LACHER, T. E., JR., LUEDTKE, J. A., LIU, C., LONG, B., et 1207 
al. (2024). What factors influence the rediscovery of lost tetrapod species? Glob Chang Biol 1208 
30(1). 1209 

LOUCA, S., MAZEL, F., DOEBELI, M. & PARFREY, L. W. (2019). A census-based estimate of Earth's bacterial 1210 
and archaeal diversity. PLoS Biol 17(2), e3000106. 1211 

LU, Y., LI, M., GAO, Z., MA, H., CHONG, Y., HONG, J., WU, J., WU, D., XI, D. & DENG, W. (2025). Advances in 1212 
Whole Genome Sequencing: Methods, Tools, and Applications in Population Genomics. Int J 1213 
Mol Sci 26(1). 1214 

LYNCH, A. J., COOKE, S. J., ARTHINGTON, A. H., BAIGUN, C., BOSSENBROEK, L., DICKENS, C., HARRISON, I., KIMIREI, 1215 
I., LANGHANS, S. D., MURCHIE, K. J., OLDEN, J. D., ORMEROD, S. J., OWUOR, M., RAGHAVAN, R., 1216 
SAMWAYS, M. J., et al. (2023). People need freshwater biodiversity. WIREs Water 10(3), e1633. 1217 

MAMMOLA, S., CARDOSO, P., CULVER, D. C., DEHARVENG, L., FERREIRA, R. L., FIŠER, C., GALASSI, D. M. P., 1218 
GRIEBLER, C., HALSE, S., HUMPHREYS, W. F., ISAIA, M., MALARD, F., MARTINEZ, A., MOLDOVAN, O. T., 1219 
NIEMILLER, M. L., et al. (2019). Scientists' Warning on the Conservation of Subterranean 1220 
Ecosystems. BioScience 69(8), 641-650. 1221 

MAMMOLA, S., RICCARDI, N., PRIÉ, V., CORREIA, R., CARDOSO, P., LOPES-LIMA, M. & SOUSA, R. (2020). Towards 1222 
a taxonomically unbiased European Union biodiversity strategy for 2030. Proceedings of the 1223 
Royal Society B: Biological Sciences 287(1940), 20202166. 1224 

MARRONE, F., FONTANETO, D. & NASELLI-FLORES, L. (2022). Cryptic diversity, niche displacement and our 1225 
poor understanding of taxonomy and ecology of aquatic microorganisms. Hydrobiologia 1226 
850(6), 1221-1236. 1227 

MATA, L., IVES, C. D., GARRARD, G. E., GORDON, A., BACKSTROM, A., CRANNEY, K., SMITH, T. R., STARK, L., BICKEL, 1228 
D. J., CUNNINGHAM, S., HAHS, A., HOCHULI, D., MALIPATIL, M., MOIR, M., PLEIN, M., et al. (2015). The 1229 
Little Things that Run the City: how do Melbourne’s green spaces support insect biodiversity 1230 
and ecosystem health? Report, RMIT University. 1231 



32 

MAZOR, T., DOROPOULOS, C., SCHWARZMUELLER, F., GLADISH, D. W., KUMARAN, N., MERKEL, K., DI MARCO, M. 1232 
& GAGIC, V. (2018). Global mismatch of policy and research on drivers of biodiversity loss. 1233 
Nature Ecology & Evolution 2(7), 1071-1074. 1234 

MCCARTHY, M. A., MOORE, J. L., MORRIS, W. K., PARRIS, K. M., GARRARD, G. E., VESK, P. A., RUMPFF, L., 1235 
GILJOHANN, K. M., CAMAC, J. S., BAU, S. S., FRIEND, T., HARRISON, B. & YUE, B. (2012). The influence 1236 
of abundance on detectability. Oikos 122(5), 717-726. 1237 

MEIER, R., LAWNICZAK, M. K. N. & SRIVATHSAN, A. (2025). Illuminating Entomological Dark Matter with 1238 
DNA Barcodes in an Era of Insect Decline, Deep Learning, and Genomics. Annual Review of 1239 
Entomology 70(Volume 70, 2025), 185-204. 1240 

MERENLENDER, A. M., CRALL, A. W., DRILL, S., PRYSBY, M. & BALLARD, H. (2016). Evaluating environmental 1241 
education, citizen science, and stewardship through naturalist programs. Conservation 1242 
Biology 30(6), 1255-1265. 1243 

METZ, S., HUBER, P., ACCATTATIS, V., LOPES DOS SANTOS, A., BIGEARD, E., UNREIN, F., CHAMBOUVET, A., NOT, F., 1244 
LARA, E. & DEVERCELLI, M. (2022). Freshwater protists: unveiling the unexplored in a large 1245 
floodplain system. Environ Microbiol 24(4), 1731-1745. 1246 

MEYER, C., KREFT, H., GURALNICK, R. & JETZ, W. (2015). Global priorities for an effective information basis 1247 
of biodiversity distributions. Nature Communications 6(1), 8221. 1248 

MILLER, S. D., HADDOCK, S. H. D., ELVIDGE, C. D. & LEE, T. F. (2005). Detection of a bioluminescent milky 1249 
sea from space. Proceedings of the National Academy of Sciences 102(40), 14181-14184. 1250 

MILLIKEN, W., WALKER, B. E., HOWES, M.-J. R., FOREST, F. & NIC LUGHADHA, E. (2021). Plants used 1251 
traditionally as antimalarials in Latin America: Mining the tree of life for potential new 1252 
medicines. Journal of Ethnopharmacology 279, 114221. 1253 

MILOŠEVIĆ, D., MILOSAVLJEVIĆ, A., SIMOVIĆ, P., TRAJKOVIĆ, A., MEDEIROS, A., SAVIĆ-ZDRAVKOVIĆ, D., STOJANOVIĆ, 1254 
K., KOSTIĆ, T. & PREDIĆ, B. (2025). Unsupervised deep clustering as a tool for the identification 1255 
of dark taxa in biomonitoring. Environmental Monitoring and Assessment 197(8), 858. 1256 

MORARD, R., DARLING, K. F., WEINER, A. K. M., HASSENRUCK, C., VANNI, C., CORDIER, T., HENRY, N., GRECO, M., 1257 
VOLLMAR, N. M., MILIVOJEVIC, T., RAHMAN, S. N., SICCHA, M., MEILLAND, J., JONKERS, L., QUILLEVERE, 1258 
F., et al. (2024). The global genetic diversity of planktonic foraminifera reveals the structure 1259 
of cryptic speciation in plankton. Biol Rev Camb Philos Soc 99(4), 1218-1241. 1260 

MORRIS, R. M., RAPPÉ, M. S., CONNON, S. A., VERGIN, K. L., SIEBOLD, W. A., CARLSON, C. A. & GIOVANNONI, S. J. 1261 
(2002). SAR11 clade dominates ocean surface bacterioplankton communities. Nature 1262 
420(6917), 806-810. 1263 

MOUILLOT, D., BELLWOOD, D. R., BARALOTO, C., CHAVE, J., GALZIN, R., HARMELIN-VIVIEN, M., KULBICKI, M., 1264 
LAVERGNE, S., LAVOREL, S., MOUQUET, N., PAINE, C. E., RENAUD, J. & THUILLER, W. (2013). Rare 1265 
species support vulnerable functions in high-diversity ecosystems. PLoS Biol 11(5), e1001569. 1266 

NAEEM, S. (2002). Disentangling the Impacts of Diversity on Ecosystem Functioning in Combinatorial 1267 
Experiments. Ecology 83(10), 2925-2935. 1268 

NAKAMURA, G., SOARES, B. E., PILLAR, V. D., DINIZ-FILHO, J. A. F. & DUARTE, L. (2023). Three pathways to 1269 
better recognize the expertise of Global South researchers. npj Biodiversity 2(1), 17. 1270 

NATHAN, R., MONK, C. T., ARLINGHAUS, R., ADAM, T., ALOS, J., ASSAF, M., BAKTOFT, H., BEARDSWORTH, C. E., 1271 
BERTRAM, M. G., BIJLEVELD, A. I., BRODIN, T., BROOKS, J. L., CAMPOS-CANDELA, A., COOKE, S. J., 1272 
GJELLAND, K. O., et al. (2022). Big-data approaches lead to an increased understanding of the 1273 
ecology of animal movement. Science 375(6582), eabg1780. 1274 

OGAR, E., PECL, G. & MUSTONEN, T. (2020). Science Must Embrace Traditional and Indigenous 1275 
Knowledge to Solve Our Biodiversity Crisis. One Earth 3(2), 162-165. 1276 

OLIVEIRA, B. F., MOORE, F. C. & DONG, X. (2022). Biodiversity mediates ecosystem sensitivity to climate 1277 
variability. Communications Biology 5(1), 628. 1278 

OLIVER, T. H., HEARD, M. S., ISAAC, N. J. B., ROY, D. B., PROCTER, D., EIGENBROD, F., FRECKLETON, R., HECTOR, A., 1279 
ORME, C. D. L., PETCHEY, O. L., PROENÇA, V., RAFFAELLI, D., SUTTLE, K. B., MACE, G. M., MARTÍN-LÓPEZ, 1280 
B., et al. (2015). Biodiversity and Resilience of Ecosystem Functions. Trends in Ecology & 1281 
Evolution 30(11), 673-684. 1282 

ORR, J. A., MACAULAY, S. J., MORDENTE, A., BURGESS, B., ALBINI, D., HUNN, J. G., RESTREPO-SULEZ, K., WILSON, 1283 
R., SCHECHNER, A., ROBERTSON, A. M., LEE, B., STUPARYK, B. R., SINGH, D., O'LOUGHLIN, I., PIGGOTT, J. 1284 



33 

J., et al. (2024). Studying interactions among anthropogenic stressors in freshwater 1285 
ecosystems: A systematic review of 2396 multiple-stressor experiments. Ecology Letters 1286 
27(6), e14463. 1287 

OUTHWAITE, C. L., GREGORY, R. D., CHANDLER, R. E., COLLEN, B. & ISAAC, N. J. B. (2020). Complex long-term 1288 
biodiversity change among invertebrates, bryophytes and lichens. Nature Ecology & 1289 
Evolution 4(3), 384-392. 1290 

OVERMANN, J., ABT, B. & SIKORSKI, J. (2017). Present and Future of Culturing Bacteria. Annu Rev 1291 
Microbiol 71, 711-730. 1292 

OVERMANN, J. & SCHOLZ, A. H. (2017). Microbiological Research Under the Nagoya Protocol: Facts and 1293 
Fiction. Trends in Microbiology 25(2), 85-88. 1294 

PARTE, A. C., SARDA CARBASSE, J., MEIER-KOLTHOFF, J. P., REIMER, L. C. & GOKER, M. (2020). List of 1295 
Prokaryotic names with Standing in Nomenclature (LPSN) moves to the DSMZ. Int J Syst Evol 1296 
Microbiol 70(11), 5607-5612. 1297 

PÄRTEL, M., SZAVA-KOVATS, R. & ZOBEL, M. (2011). Dark diversity: shedding light on absent species. 1298 
Trends in Ecology & Evolution 26(3), 124-128. 1299 

PÄRTEL, M., SZAVA-KOVATS, R. & ZOBEL, M. (2013). Community Completeness: Linking Local and Dark 1300 
Diversity within the Species Pool Concept. Folia Geobotanica 48(3), 307-317. 1301 

PATTERSON, D. J. (2022). The scope and scale of the life sciences (‘Nature’s envelope’). Research Ideas 1302 
and Outcomes 8. 1303 

PENDLETON, L. H., HOEGH-GULDBERG, O., LANGDON, C. & COMTE, A. (2016). Multiple Stressors and 1304 
Ecological Complexity Require a New Approach to Coral Reef Research. Frontiers in Marine 1305 
Science Volume 3 - 2016. 1306 

PEREIRA, H. M., MARTINS, I. S., ROSA, I. M. D., KIM, H., LEADLEY, P., POPP, A., VAN VUUREN, D. P., HURTT, G., 1307 
QUOSS, L., ARNETH, A., BAISERO, D., BAKKENES, M., CHAPLIN-KRAMER, R., CHINI, L., DI MARCO, M., et 1308 
al. (2024). Global trends and scenarios for terrestrial biodiversity and ecosystem services 1309 
from 1900 to 2050. Science 384(6694), 458-465. 1310 

PETCHEY, O. L. & GASTON, K. J. (2006). Functional diversity: back to basics and looking forward. Ecol Lett 1311 
9(6), 741-58. 1312 

PETER, M., DIEKÖTTER, T. & KREMER, K. (2019). Participant Outcomes of Biodiversity Citizen Science 1313 
Projects: A Systematic Literature Review. Sustainability 11(10), 2780. 1314 

PHILIPPOT, L., SPOR, A., HÉNAULT, C., BRU, D., BIZOUARD, F., JONES, C. M., SARR, A. & MARON, P.-A. (2013). 1315 
Loss in microbial diversity affects nitrogen cycling in soil. The ISME Journal 7(8), 1609-1619. 1316 

PHILLIPS, H. R. P., CAMERON, E. K., FERLIAN, O., TÜRKE, M., WINTER, M. & EISENHAUER, N. (2017). Red list of a 1317 
black box. Nature Ecology & Evolution 1(4), 0103. 1318 

PILOTTO, F., KÜHN, I., ADRIAN, R., ALBER, R., ALIGNIER, A., ANDREWS, C., BÄCK, J., BARBARO, L., BEAUMONT, D., 1319 
BEENAERTS, N., BENHAM, S., BOUKAL, D. S., BRETAGNOLLE, V., CAMATTI, E., CANULLO, R., et al. (2020). 1320 
Meta-analysis of multidecadal biodiversity trends in Europe. Nature Communications 11(1), 1321 
3486. 1322 

PINE, W. E., III, MARTELL, S. J. D., WALTERS, C. J. & KITCHELL, J. F. (2009). Counterintuitive Responses of Fish 1323 
Populations to Management Actions. Fisheries 34(4), 165-180. 1324 

PRATHAPAN, K. D., PETHIYAGODA, R., BAWA, K. S., RAVEN, P. H., RAJAN, P. D. & COUNTRIES, C.-S. F. (2018). 1325 
When the cure kills—CBD limits biodiversity research. Science 360(6396), 1405-1406. 1326 

PREMKE, K., WURZBACHER, C., FELSMANN, K., FABIAN, J., TAUBE, R., BODMER, P., ATTERMEYER, K., NITZSCHE, K. 1327 
N., SCHROER, S., KOSCHORRECK, M., HÜBNER, E., MAHMOUDINEJAD, T. H., KYBA, C. C. M., MONAGHAN, 1328 
M. T. & HÖLKER, F. (2022). Large-scale sampling of the freshwater microbiome suggests 1329 
pollution-driven ecosystem changes. Environmental Pollution 308, 119627. 1330 

REICH, P. B., TILMAN, D., ISBELL, F., MUELLER, K., HOBBIE, S. E., FLYNN, D. F. & EISENHAUER, N. (2012). Impacts 1331 
of biodiversity loss escalate through time as redundancy fades. Science 336(6081), 589-92. 1332 

REUSCH, T. B., EHLERS, A., HAMMERLI, A. & WORM, B. (2005). Ecosystem recovery after climatic extremes 1333 
enhanced by genotypic diversity. Proc Natl Acad Sci U S A 102(8), 2826-31. 1334 

RILLIG, M. C., LEHMANN, A., LEHMANN, J., CAMENZIND, T. & RAUH, C. (2018). Soil Biodiversity Effects from 1335 
Field to Fork. Trends in Plant Science 23(1), 17-24. 1336 



34 

RIYAZ, M. & IGNACIMUTHU, S. (2023). Smart phone-macro lens setup (SPMLS): a low-cost and portable 1337 
photography device for amateur taxonomists, biodiversity researchers, and citizen 1338 
enthusiasts. Bulletin of the National Research Centre 47(1), 143. 1339 

ROCCHINI, D., TORRESANI, M., BEIERKUHNLEIN, C., FEOLI, E., FOODY, G. M., LENOIR, J., MALAVASI, M., MOUDRÝ, 1340 
V., ŠÍMOVÁ, P. & RICOTTA, C. (2022). Double down on remote sensing for biodiversity 1341 
estimation: a biological mindset. Community Ecology 23(3), 267-276. 1342 

RÖTTJERS, L. & FAUST, K. (2019). Can we predict keystones? Nature Reviews Microbiology 17(3), 193-1343 
193. 1344 

ROUME, H., HEINTZ-BUSCHART, A., MULLER, E. E. L., MAY, P., SATAGOPAM, V. P., LACZNY, C. C., NARAYANASAMY, 1345 
S., LEBRUN, L. A., HOOPMANN, M. R., SCHUPP, J. M., GILLECE, J. D., HICKS, N. D., ENGELTHALER, D. M., 1346 
SAUTER, T., KEIM, P. S., et al. (2015). Comparative integrated omics: identification of key 1347 
functionalities in microbial community-wide metabolic networks. npj Biofilms and 1348 
Microbiomes 1(1), 15007. 1349 

ROUSK, J., BROOKES, P. C. & BÅÅTH, E. (2009). Contrasting soil pH effects on fungal and bacterial growth 1350 
suggest functional redundancy in carbon mineralization. Appl Environ Microbiol 75(6), 1589-1351 
96. 1352 

ROYLE, J. A., CHANDLER, R. B., YACKULIC, C. & NICHOLS, J. D. (2012). Likelihood analysis of species 1353 
occurrence probability from presence‐only data for modelling species distributions. Methods 1354 
in Ecology and Evolution 3(3), 545-554. 1355 

SANDA, M. K., METCALFE, N. B. & MABLE, B. K. (2024). The potential impact of aquaculture on the genetic 1356 
diversity and conservation of wild fish in sub-Saharan Africa. Aquatic Conservation: Marine 1357 
and Freshwater Ecosystems 34(2), e4105. 1358 

SATAM, H., JOSHI, K., MANGROLIA, U., WAGHOO, S., ZAIDI, G., RAWOOL, S., THAKARE, R. P., BANDAY, S., MISHRA, 1359 
A. K., DAS, G. & MALONIA, S. K. (2023). Next-Generation Sequencing Technology: Current 1360 
Trends and Advancements. Biology (Basel) 12(7). 1361 

SCHEBEN, A., YUAN, Y. & EDWARDS, D. (2016). Advances in genomics for adapting crops to climate 1362 
change. Current Plant Biology 6, 2-10. 1363 

SCHOENER, T. W. (2011). The newest synthesis: understanding the interplay of evolutionary and 1364 
ecological dynamics. Science 331(6016), 426-9. 1365 

SCHULDT, A., ASSMANN, T., BREZZI, M., BUSCOT, F., EICHENBERG, D., GUTKNECHT, J., HÄRDTLE, W., HE, J.-S., 1366 
KLEIN, A.-M., KÜHN, P., LIU, X., MA, K., NIKLAUS, P. A., PIETSCH, K. A., PURAHONG, W., et al. (2018). 1367 
Biodiversity across trophic levels drives multifunctionality in highly diverse forests. Nature 1368 
Communications 9(1), 2989. 1369 

SCHULTZ, J., MODOLON, F., PEIXOTO, R. S. & ROSADO, A. S. (2023). Shedding light on the composition of 1370 
extreme microbial dark matter: alternative approaches for culturing extremophiles. Frontiers 1371 
in Microbiology 14. 1372 

SCHULZE, E.-D. & MOONEY, H. A. (2012). Biodiversity and ecosystem function. Springer Science & 1373 
Business Media. 1374 

SHIN, Y.-J., MIDGLEY, G. F., ARCHER, E. R. M., ARNETH, A., BARNES, D. K. A., CHAN, L., HASHIMOTO, S., HOEGH-1375 
GULDBERG, O., INSAROV, G., LEADLEY, P., LEVIN, L. A., NGO, H. T., PANDIT, R., PIRES, A. P. F., PÖRTNER, 1376 
H.-O., et al. (2022). Actions to halt biodiversity loss generally benefit the climate. Global 1377 
Change Biology 28(9), 2846-2874. 1378 

SINGLETON, C., JENSEN, T., DELOGU, F., SØRENSEN, E., JØRGENSEN, V., KARST, S., YANG, Y., KNUDSEN, K., SEREIKA, 1379 
M., PETRIGLIERI, F., KNUTSSON, S., DALL, S., KIRKEGAARD, R., KRISTENSEN, J., WOODCROFT, B., et al. 1380 
(2024). Microflora Danica: the atlas of Danish environmental microbiomes. bioRxiv, 1381 
2024.06.27.600767. 1382 

SOLIVERES, S., VAN DER PLAS, F., MANNING, P., PRATI, D., GOSSNER, M. M., RENNER, S. C., ALT, F., ARNDT, H., 1383 
BAUMGARTNER, V., BINKENSTEIN, J., BIRKHOFER, K., BLASER, S., BLÜTHGEN, N., BOCH, S., BÖHM, S., et al. 1384 
(2016). Biodiversity at multiple trophic levels is needed for ecosystem multifunctionality. 1385 
Nature 536(7617), 456-459. 1386 

SONESSON, A. K., HALLERMAN, E., HUMPHRIES, F., HILSDORF, A. W. S., LESKIEN, D., ROSENDAL, K., BARTLEY, D., 1387 
HU, X., GARCIA GOMEZ, R. & MAIR, G. C. (2023). Sustainable management and improvement of 1388 
genetic resources for aquaculture. Journal of the World Aquaculture Society 54(2), 364-396. 1389 



35 

SPAAK, J. W., BAERT, J. M., BAIRD, D. J., EISENHAUER, N., MALTBY, L., POMATI, F., RADCHUK, V., ROHR, J. R., VAN 1390 
DEN BRINK, P. J. & DE LAENDER, F. (2017). Shifts of community composition and population 1391 
density substantially affect ecosystem function despite invariant richness. Ecology Letters 1392 
20(10), 1315-1324. 1393 

SRIVATHSAN, A., ANG, Y., HERATY, J. M., HWANG, W. S., JUSOH, W. F. A., KUTTY, S. N., PUNIAMOORTHY, J., YEO, 1394 
D., ROSLIN, T. & MEIER, R. (2023). Convergence of dominance and neglect in flying insect 1395 
diversity. Nature Ecology & Evolution 7(7), 1012-1021. 1396 

STEPHENSON, P. J. & STENGEL, C. (2020). An inventory of biodiversity data sources for conservation 1397 
monitoring. PLOS ONE 15(12), e0242923. 1398 

STOFFERS, T., ALTERMATT, F., BALDAN, D., BILOUS, O., BORGWARDT, F., BUIJSE, A. D., BONDAR-KUNZE, E., CID, N., 1399 
ERŐS, T., FERREIRA, M. T., FUNK, A., HAIDVOGL, G., HOHENSINNER, S., KOWAL, J., NAGELKERKE, L. A. J., 1400 
et al. (2024). Reviving Europe's rivers: Seven challenges in the implementation of the Nature 1401 
Restoration Law to restore free-flowing rivers. WIREs Water 11(3), e1717. 1402 

STORK, N. E. (2018). How Many Species of Insects and Other Terrestrial Arthropods Are There on 1403 
Earth? Annu Rev Entomol 63, 31-45. 1404 

STORK, N. E., MCBROOM, J., GELY, C. & HAMILTON, A. J. (2015). New approaches narrow global species 1405 
estimates for beetles, insects, and terrestrial arthropods. Proceedings of the National 1406 
Academy of Sciences 112(24), 7519-7523. 1407 

SYED AB RAHMAN, S. F., SINGH, E., PIETERSE, C. M. J. & SCHENK, P. M. (2018). Emerging microbial biocontrol 1408 
strategies for plant pathogens. Plant Science 267, 102-111. 1409 

TAUBER, C. A. & TAUBER, M. J. (1981). Insect Seasonal Cycles: Genetics and Evolution. Annual Review of 1410 
Ecology and Systematics 12, 281-308. 1411 

TÄUMER, J., KOLB, S., BOEDDINGHAUS, R. S., WANG, H., SCHÖNING, I., SCHRUMPF, M., URICH, T. & MARHAN, S. 1412 
(2021). Divergent drivers of the microbial methane sink in temperate forest and grassland 1413 
soils. Global Change Biology 27(4), 929-940. 1414 

THOMAS, A. C., HOWARD, J., NGUYEN, P. L., SEIMON, T. A. & GOLDBERG, C. S. (2018). eDNA Sampler: A fully 1415 
integrated environmental DNA sampling system. Methods in Ecology and Evolution 9(6), 1416 
1379-1385. 1417 

TILMAN, D. (2001). Functional Diversity. The Encyclopedia of Biodiversity 3(0), 109-120. 1418 
TILMAN, D., ISBELL, F. & COWLES, J. M. (2014). Biodiversity and Ecosystem Functioning. Annual Review of 1419 

Ecology, Evolution, and Systematics 45(Volume 45, 2014), 471-493. 1420 
TROUDET, J., GRANDCOLAS, P., BLIN, A., VIGNES-LEBBE, R. & LEGENDRE, F. (2017). Taxonomic bias in 1421 

biodiversity data and societal preferences. Scientific Reports 7(1), 9132. 1422 
URBAN, M. C., TRAVIS, J. M. J., ZURELL, D., THOMPSON, P. L., SYNES, N. W., SCARPA, A., PERES-NETO, P. R., 1423 

MALCHOW, A.-K., JAMES, P. M. A., GRAVEL, D., DE MEESTER, L., BROWN, C., BOCEDI, G., ALBERT, C. H., 1424 
GONZALEZ, A., et al. (2021). Coding for Life: Designing a Platform for Projecting and Protecting 1425 
Global Biodiversity. BioScience 72(1), 91-104. 1426 

VADEBONCOEUR, Y., MCINTYRE, P. B. & VANDER ZANDEN, M. J. (2011). Borders of Biodiversity: Life at the 1427 
Edge of the World's Large Lakes. BioScience 61(7), 526-537. 1428 

VAN DE BUND, W., BARTKOVA, T., BELKA, K., BUSSETTINI, M., CALLEJA, B., CHRISTIANSEN, T., GOLTARA, A., 1429 
MAGDALENO, G., MÜHLMANN, H., OFENBÖCK, G., PARASIEWICZ, P., PERUZZI, C., SCHMITT, K., SCHULTZE, 1430 
A., RECKENDORFER, W., et al. (2024). Criteria for identifying free-flowing river stretches for the 1431 
EU Biodiversity Strategy for 2030. Publications Office of the European Union, Luxembourg, 1432 
2024, https://data.europa.eu/doi/10.2760/402517, JRC137919 1433 

 1434 
VAN DEN WYNGAERT, S., GANZERT, L., SETO, K., ROJAS-JIMENEZ, K., AGHA, R., BERGER, S. A., WOODHOUSE, J., 1435 

PADISAK, J., WURZBACHER, C., KAGAMI, M. & GROSSART, H. P. (2022). Seasonality of parasitic and 1436 
saprotrophic zoosporic fungi: linking sequence data to ecological traits. ISME J 16(9), 2242-1437 
2254. 1438 

VANNI, C., SCHECHTER, M. S., ACINAS, S. G., BARBERAN, A., BUTTIGIEG, P. L., CASAMAYOR, E. O., DELMONT, T. O., 1439 
DUARTE, C. M., EREN, A. M., FINN, R. D., KOTTMANN, R., MITCHELL, A., SANCHEZ, P., SIREN, K., 1440 

https://data.europa.eu/doi/10.2760/402517


36 

STEINEGGER, M., et al. (2022). Unifying the known and unknown microbial coding sequence 1441 
space. Elife 11. 1442 

VATOVA, M., RUBIN, C., GROSSART, H.-P., GONÇALVES, S. C., SCHMIDT, S. I. & JARIĆ, I. (2022). Aquatic fungi: 1443 
largely neglected targets for conservation. Frontiers in Ecology and the Environment 20(4), 1444 
207-209. 1445 

VIOLLE, C., ENQUIST, B. J., MCGILL, B. J., JIANG, L., ALBERT, C. H., HULSHOF, C., JUNG, V. & MESSIER, J. (2012). 1446 
The return of the variance: intraspecific variability in community ecology. Trends Ecol Evol 1447 
27(4), 244-52. 1448 

VOS, M., HERING, D., GESSNER, M. O., LEESE, F., SCHÄFER, R. B., TOLLRIAN, R., BOENIGK, J., HAASE, P., 1449 
MECKENSTOCK, R., BAIKOVA, D., BAYAT, H., BEERMANN, A., BEISSER, D., BESZTERI, B., BIRK, S., et al. 1450 
(2023). The Asymmetric Response Concept explains ecological consequences of multiple 1451 
stressor exposure and release. Science of The Total Environment 872, 162196. 1452 

WAGG, C., BENDER, S. F., WIDMER, F. & VAN DER HEIJDEN, M. G. A. (2014). Soil biodiversity and soil 1453 
community composition determine ecosystem multifunctionality. Proceedings of the 1454 
National Academy of Sciences 111(14), 5266-5270. 1455 

WALDRON, A., ADAMS, V., ALLAN, J., ARNELL, A., ASNER, G., ATKINSON, S., BACCINI, A., BAILLIE, J., BALMFORD, A. 1456 
& BEAU, J. A. (2020). Protecting 30% of the planet for nature: costs, benefits and economic 1457 
implications. 1458 

WANG, R., SUN, Y., ZONG, J., WANG, Y., CAO, X., WANG, Y., CHENG, X. & ZHANG, W. (2024). Remote Sensing 1459 
Application in Ecological Restoration Monitoring: A Systematic Review. Remote Sensing 1460 
16(12), 2204. 1461 

WANG, W. Y., SRIVATHSAN, A., FOO, M., YAMANE, S. K. & MEIER, R. (2018). Sorting specimen-rich 1462 
invertebrate samples with cost-effective NGS barcodes: Validating a reverse workflow for 1463 
specimen processing. Molecular Ecology Resources 18(3), 490-501. 1464 

WEISKOPF, S. R., ISBELL, F., ARCE-PLATA, M. I., DI MARCO, M., HARFOOT, M., JOHNSON, J., LERMAN, S. B., 1465 
MILLER, B. W., MORELLI, T. L., MORI, A. S., WENG, E. & FERRIER, S. (2024). Biodiversity loss reduces 1466 
global terrestrial carbon storage. Nature Communications 15(1), 4354. 1467 

WEISS, A. S., NIEDERMEIER, L. S., VON STREMPEL, A., BURRICHTER, A. G., RING, D., MENG, C., KLEIGREWE, K., 1468 
LINCETTO, C., HÜBNER, J. & STECHER, B. (2023). Nutritional and host environments determine 1469 
community ecology and keystone species in a synthetic gut bacterial community. Nature 1470 
Communications 14(1), 4780. 1471 

WEISSER, W. W., ROSCHER, C., MEYER, S. T., EBELING, A., LUO, G., ALLAN, E., BEßLER, H., BARNARD, R. L., 1472 
BUCHMANN, N., BUSCOT, F., ENGELS, C., FISCHER, C., FISCHER, M., GESSLER, A., GLEIXNER, G., et al. 1473 
(2017). Biodiversity effects on ecosystem functioning in a 15-year grassland experiment: 1474 
Patterns, mechanisms, and open questions. Basic and Applied Ecology 23, 1-73. 1475 

WELLS, M. L., TRAINER, V. L., SMAYDA, T. J., KARLSON, B. S. O., TRICK, C. G., KUDELA, R. M., ISHIKAWA, A., 1476 
BERNARD, S., WULFF, A., ANDERSON, D. M. & COCHLAN, W. P. (2015). Harmful algal blooms and 1477 
climate change: Learning from the past and present to forecast the future. Harmful Algae 49, 1478 
68-93. 1479 

WENTZEL, T., RETIEF, F. P., ALBERTS, R. C., MOOLMAN, H. J., ROOS, C. & CILLIERS, D. P. (2023). The Quality of 1480 
Biodiversity Inputs to Environmental Impact Assessment (EIA) in the Succulent Karoo 1481 
Biodiversity Hotspot, South Africa. Journal of Environmental Assessment Policy and 1482 
Management 25(04), 2350019. 1483 

WESTON, J. N. J., CARRILLO-BARRAGAN, P., LINLEY, T. D., REID, W. D. K. & JAMIESON, A. J. (2020). New species 1484 
of Eurythenes from hadal depths of the Mariana Trench, Pacific Ocean (Crustacea: 1485 
Amphipoda). Zootaxa 4748(1), zootaxa 4748 1 9. 1486 

WILDE, S. B., JOHANSEN, J. R., WILDE, H. D., JIANG, P., BARTELME, B. & HAYNIE, R. S. (2014). Aetokthonos 1487 
hydrillicola gen. et sp. nov.: Epiphytic cyanobacteria on invasive aquatic plants implicated in 1488 
Avian Vacuolar Myelinopathy. Phytotaxa 181(5). 1489 

WILKINSON, M. D., DUMONTIER, M., AALBERSBERG, I. J., APPLETON, G., AXTON, M., BAAK, A., BLOMBERG, N., 1490 
BOITEN, J.-W., DA SILVA SANTOS, L. B., BOURNE, P. E., BOUWMAN, J., BROOKES, A. J., CLARK, T., CROSAS, 1491 
M., DILLO, I., et al. (2016). The FAIR Guiding Principles for scientific data management and 1492 
stewardship. Scientific Data 3(1), 160018. 1493 



37 

WIRTH, C., BRUELHEIDE, H., FARWIG, N., MARX, J. M. & SETTELE, J. (2024). Faktencheck Artenvielfalt. oekom 1494 
Verlag. https://doi. org/10 14512(97839), 87263361. 1495 

WONG, M. K. L. & DIDHAM, R. K. (2024). Global meta-analysis reveals overall higher nocturnal than 1496 
diurnal activity in insect communities. Nature Communications 15(1), 3236. 1497 

WOOD, S. A., KELLY, L. T., BOUMA-GREGSON, K., HUMBERT, J.-F., LAUGHINGHOUSE IV, H. D., LAZORCHAK, J., 1498 
MCALLISTER, T. G., MCQUEEN, A., POKRZYWINSKI, K., PUDDICK, J., QUIBLIER, C., REITZ, L. A., RYAN, K. G., 1499 
VADEBONCOEUR, Y., ZASTEPA, A., et al. (2020). Toxic benthic freshwater cyanobacterial 1500 
proliferations: Challenges and solutions for enhancing knowledge and improving monitoring 1501 
and mitigation. Freshwater Biology 65(10), 1824-1842. 1502 

WU, D., DU, E., EISENHAUER, N., MATHIEU, J. & CHU, C. (2025). Global engineering effects of soil 1503 
invertebrates on ecosystem functions. Nature 640(8057), 120-129. 1504 

WWF. (2024). Living Planet Report 2024 – A System in Peril. WWF, Gland, Switzerland. 1505 
YÁÑEZ, J. M., NEWMAN, S. & HOUSTON, R. D. (2015). Genomics in aquaculture to better understand 1506 

species biology and accelerate genetic progress. Frontiers in Genetics Volume 6 - 2015. 1507 
YEH, Y.-C. & FUHRMAN, J. A. (2022). Contrasting diversity patterns of prokaryotes and protists over time 1508 

and depth at the San-Pedro Ocean Time series. ISME Communications 2(1), 36. 1509 
ZAMANI, A., VAHTERA, V., SÄÄKSJÄRVI, I. E. & SCHERZ, M. D. (2020). The omission of critical data in the 1510 

pursuit of ‘revolutionary’ methods to accelerate the description of species. Systematic 1511 
Entomology 46(1), 1-4. 1512 

ZAMBRANO, J., GARZON-LOPEZ, C. X., YEAGER, L., FORTUNEL, C., CORDEIRO, N. J. & BECKMAN, N. G. (2019). The 1513 
effects of habitat loss and fragmentation on plant functional traits and functional diversity: 1514 
what do we know so far? Oecologia 191(3), 505-518. 1515 

ZHONG, S., ZHOU, S., LIU, S., WANG, J., DANG, C., CHEN, Q., HU, J., YANG, S., DENG, C., LI, W., LIU, J., 1516 
BORTHWICK, A. G. L. & NI, J. (2023). May microbial ecological baseline exist in continental 1517 
groundwater? Microbiome 11(1), 152. 1518 

ZHU, Y., CHEN, H., FAN, J., WANG, Y., LI, Y., CHEN, J., FAN, J., YANG, S., HU, L., LEUNG, H., MEW, T. W., TENG, P. 1519 
S., WANG, Z. & MUNDT, C. C. (2000). Genetic diversity and disease control in rice. Nature 1520 
406(6797), 718-722. 1521 

ZIMMER, K. (2024). Indigenous languages are founts of environmental knowledge. Knowable 1522 
Magazine. 1523 

ZOCCARATO, L., SHER, D., MIKI, T., SEGRÈ, D. & GROSSART, H.-P. (2022). A comparative whole-genome 1524 
approach identifies bacterial traits for marine microbial interactions. Communications 1525 
Biology 5(1), 276. 1526 

ZULIAN, V., MILLER, D. A. W. & FERRAZ, G. (2021). Integrating citizen-science and planned-survey data 1527 
improves species distribution estimates. Diversity and Distributions 27(12), 2498-2509. 1528 

 1529 

https://doi/

