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Abstract
The term ‘biodiversity,’ while casually used in practice, is a complicated subject to meas-
ure, interpret, contextualize, and compare. Yet the possible advent of deep-sea mining in 
the mid-2020’s compels us to compare potential impacts of biodiversity loss across eco-
logically distant realms, a formidable task. Supplying the world’s green infrastructure is 
expected to lead to shortages of nickel, cobalt and other metals; meanwhile polymetallic 
nodules sitting atop the abyssal plains of the Clarion-Clipperton Zone (CCZ) of the Pacific 
Ocean contain billions of tons of nickel, cobalt, copper and manganese, enough to solve the 
supply issues. Implicit in society’s decision of whether to exploit this resource is a trade-
off of harm to biodiversity in the CCZ’s abyssal seafloor and its overlying water column, 
versus intensification of harm to rainforests and other terrestrial mining habitats. Here we 
frame the challenges of comparing biodiversity impacts across such different realms, span-
ning the gamut from normative to fundamental: ambiguities in definitions, lack of proto-
col standardization, physical challenges in measurement, difficulties to integrate measures 
among different taxonomic groups, profound differences between ecologically distant 
realms, contextual necessity to attribute value to mathematical index results, and con-
straints of current knowledge about species, ecosystems and system level impacts of bio-
diversity change. Quantitative biodiversity measures alone cannot rank one system above 
the other; measures must be supplemented with qualitative judgements of the tangible and 
intangible values of species and habitats to natural systems and to humans, along with con-
sideration of other threats that they and we face.
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Abbreviations
ABNJ	� Area Beyond National Jurisdiction
CBD	� Convention on Biological Diversity
CCZ	� Clarion-Clipperton Zone
DSM	� Deep-sea mining
EBV	� Environmental biodiversity variable
GWP	� Global warming potential
ISA	� International seabed authority
LCA	� Life cycle assessment
MSFD	� Marine strategy framework directive
UNCLOS	� United Nations Convention on the Law of the Sea

Introduction

Biodiversity issues are frequently central to environmental permitting disputes for activities 
that affect habitats. This applies to activities on land (e.g., agriculture, logging, construc-
tion, mining) and at sea (e.g., fishing, dredging, offshore oil and gas, offshore wind). With 
the possible advent of deep-sea mining (DSM) in the mid-2020s, specifically the collection 
of polymetallic nodules containing nickel, cobalt, copper and manganese1 from the abys-
sal seafloor of the Clarion-Clipperton Zone (CCZ), an Area Beyond National Jurisdiction 
(ABNJ) in the eastern North Pacific Ocean, concerns (e.g., Van Dover et al. 2017; Niner 
et  al. 2018; Miller et  al. 2021) have fueled organizational calls for a moratorium, either 
temporary or permanent (Greenpeace 2019; Chin and Hari 2020; FFI 2020; IUCN 2022a). 
Some moratorium support is seen in the private sector, with BMW, Google, Patagonia, 
Phillips, Volkswagen, Volvo and Samsung backing a 2021 World Wildlife Fund call for a 
Business Moratorium on Deep-Sea Mining until risks are fully understood and all alterna-
tives exhausted (Haro 2021; Reuters 2021).

Given the centrality of biodiversity impacts to these concerns, it is crucial to understand 
the meaning and limitations of the term ‘Biodiversity.’ This includes perceptions of the 
term by the public, in addition to the role it plays in decisions made by the International 
Seabed Authority (ISA), the entity empowered by the UN Convention on the Law of the 
Sea (UNCLOS) to regulate and monitor any exploration or exploitation of ABNJ mineral 
resources, including setting standards for acceptance of proposed polymetallic-nodule 
collection projects (UN 2020). To that end, this paper seeks to clarify and expand public 
understanding of the meaning, significance and limitations of the concept of biodiversity—
particularly in evaluating DSM risks.

The time sensitivity of this discussion is driven in part by the urgency to transition 
away from fossil-fuel dependence and mitigate climate change. Building a renewable-
energy infrastructure will require hundreds of millions of tons of metals and other min-
erals for solar panels, wind turbines, electric motors and batteries, and more (IEA 2021; 
Hund et al. 2020; Valckx et al. 2021). Swiss investment bank UBS predicts severe short-
ages of 170,000 tons of cobalt (42% of the market), 10.9 megatons of copper (~ 50% of 
current global mined production), 2.1 megatons of lithium (~ 50% of the market), and 2.2 

1  We refer to nickel, cobalt, copper and manganese as ‘battery metals’ because they are currently important 
constituents of many batteries for electric vehicles; though they also have other significant industrial uses.
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megatons of nickel (~ 37% of the market) by 2030 (Mills 2022). Prices of lithium, cobalt 
and nickel could rise several hundred percent above 2020 levels if societies pursue net-zero 
emissions (Boer et  al. 2021),  or if geopolitical conflicts threaten supplies—as witnessed 
when Russia’s invasion of Ukraine put its ~ 20% global share of high-quality nickel at risk, 
causing an unprecedented short squeeze and a 250% price surge to its all-time high price of 
$101,365 per metric ton (Chin et al. 2022; Burton et al. 2022).

The polymetallic nodules sitting atop the CCZ seafloor contain more nickel and 
cobalt than the entire global terrestrial resource bases (i.e., proven reserves plus margin-
ally economic and subeconomic deposits) of those metals (Hein et  al. 2012, 2020), cre-
ating a tempting option to relieve the coming market pressures. Yet their removal would 
undoubtedly cause some biodiversity harm (Levin et al. 2020; Weaver and Billett 2019). 
This may include mortality to nodule-obligate organisms; disruptions to food web integrity 
(Stratmann et al. 2021), sediment structure (Gausepohl et al. 2020), microbial communi-
ties (Vonnahme et al. 2020), and benthic fauna (Simon-Lledó et al. 2019a, b); creation of 
sediment plumes that impact water-column fauna (Robison 2009; Drazen et al. 2019, 2020; 
Christiansen et  al. 2020; Muñoz-Royo et  al. 2021); and impacts to ecosystem services 
(Armstrong et al. 2012; Thurber et al. 2014; Le et al. 2017).

At the same time, producing metals from CCZ nodules would reduce requirements on 
terrestrial mining and relieve price pressures. Without enough metal stocks available for 
recycling to relieve the anticipated supply gap (Hund et al. 2020), a moratorium on DSM 
would force the predicted shortages of nickel, cobalt and copper to be met by increased 
terrestrial mining, leading to intensified environmental and anthropogenic impacts on land 
ecosystems (Valenta et al. 2019; Koschinsky et al. 2018; Sonter et al. 2018). Known risks 
from terrestrial mining include polluting air, water and soil (Agboola et al. 2020; Sergeant 
and Olden 2020); degrading or fragmenting habitats and harming biodiversity (Sonter et al. 
2018); causing morbidity and mortality in humans (Mucha et al. 2018; Nkulu et al. 2018; 
Lyu et  al. 2019; Cornwall 2020); disrupting indigenous cultures and societies (Tolvanen 
et al. 2018; Bainton 2020); and harming their traditionally-used sacred sites, habitats and 
biota (BBC 2013; FIDH-KontraS 2014; Aborigen Forum 2020; Cultural Survival 2018).

Such a sourcing decision, made at the scale of hundreds of millions of tons of metal, 
implies aggregate tradeoffs that affect environments and societies in tangible ways. Broad 
system level studies, such as life cycle analyses (LCA) of metals obtained from either 
source, can help frame a comprehensive tradeoff of the environmental, economic and 
social impacts of either option (Koschinsky et al. 2018; Ali and Katima 2020). Few stud-
ies comparing terrestrial mining and DSM are yet available. Koschinsky et  al.’s (2018) 
review introduces some of the potential environmental, legal, economic and societal issues 
of DSM. Initial life cycle analyses (LCA) reported that nodule-sourced metals could sub-
stantially lower greenhouse warming potential (GWP) impacts (Paulikas et  al. 2020a,b; 
Alvarenga et al. 2022), waste quantities and severities (Paulikas et al. 2022), and acidifica-
tion (Alvarenga et al. 2022) when compared to use of land ores. However, concerns about 
the impacts to biodiversity and habitats of the abyssal seafloor remain paramount. This is 
among the first papers to explore the process of comparing biodiversity impacts of sourc-
ing battery metals from land ores vs. polymetallic nodules in the CCZ. The only other such 
investigation of which we are aware is Préat et al.’s (2021) prototype framework for assess-
ing anthropogenic impacts to deep-sea biodiversity, based on existing methods applied in 
terrestrial and coastal habitats, which includes a case study for DSM in the CCZ.

Préat et al. (2021) identify many data gaps and assumptions affecting such an analysis. 
Among them is the concern about which ecosystems, whether intact or disturbed, should 
be more protected, alluded to by the question, “Which is worse: mining in the pristine deep 
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sea or in vulnerable environments such as the Atacama Desert?” They noted that such a 
decision must be considered when interpreting results on global biodiversity impact, but 
that it was beyond the scope of their study. Beginning to grapple with questions like that 
raised by Préat et al. (2021) is a goal of this paper.

As Préat et  al. imply, such comparisons of biodiversity and ecosystems are challeng-
ing for a number of reasons. These range from fundamental complexities of the ecosys-
tems involved and the limits of current science, to normative and pragmatic difficulties 
in making such comparisons. Terrestrial ecosystems being mined are themselves distinct, 
geographically dispersed, and span a broader spectrum of ecological differences than the 
CCZ. Comprehensive species knowledge is lacking for both land and ocean ecosystems, 
with an estimated 91% and 86% of eukaryotic species expected yet to be discovered in 
the ocean and on land, respectively (Mora et al. 2011; Costello et al. 2012). Uncertainties 
about whether sampled genetic sequences represent different species or intraspecific varia-
tion underlie large variances in species estimates. Differences abound in experimental and 
research methods and classification processes, including applications of species accumula-
tion curves (Appeltans et al. 2012; Costello et al. 2012; Deng et al. 2015; Bevilacqua et al. 
2018), research periods and assumptions, ways of accounting for rare (unseen) species 
(Chao and Shen 2003) and species criteria. Perhaps most importantly, profound differences 
between the two realms and their inhabitants confound comparisons, with plants dominat-
ing  terrestrial landscapes and biomass, whereas light attenuation limits living vegetation 
in the water to ~ 200  m,2; and observations of non-fish vertebrates are  more frequent on 
land than in the deep open ocean.

Against the context of urgency to understand the tradeoffs involved in DSM, specifi-
cally for polymetallic nodules in the CCZ, we discuss factors that perplex comparison of 
mining’s biodiversity impacts on land and in the deep sea and show why results should be 
interpreted cautiously to avoid fostering misleading conclusions. We begin by addressing 
the ambiguities inherent in the definition of biodiversity. Next, we analyze the process of 
biodiversity measurement and comparison, noting inherent challenges present in each step. 
Third, we address various ways value can be derived from biodiversity, whether explicitly 
or implicitly, and we highlight the case of nematodes, whose context-dependent biodiver-
sity value cannot be determined from computed indices. Fourth, given the above context 
we present specific issues that confound comparison of biodiversity on land versus in the 
deep sea. Finally, we integrate the presented frameworks into a discussion, then conclude.

Biodiversity definitions

Biodiversity

As Harper and Hawksworth (1994) observed, “it is clear that the concept of ‘Biodiversity’ 
can mean all things to all people.” ‘Biodiversity,’ a contraction of ‘biological diversity,’ 
appears frequently in the media and in public discourse, but without an agreed-upon, prag-
matically quantifiable definition of the term.

2  The current depth record is held by an undescribed crustose red alga (Rhodophyta) growing down to 
268  m on a Bahamian seamount where light intensity was ~ 0.0005% of peak surface irradiance (Littler 
et al. 1985).
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In common parlance, the term connotes the ‘richness’ or ‘variety’ of life within an area. 
Scientifically, it has been used to describe diversity of species, families, classes or phyla; 
genetic diversity within and among species; and diversity among sample plots, communi-
ties or ecosystems (Harper and Hawksworth 1994; Caro 2010).

The complexity of this definition is maintained in the current working definition of 
biodiversity, dating to 29 December 1993, when the 196-State Convention on Biological 
Diversity (CBD) entered into force as a global commitment to the conservation of biologi-
cal diversity, its sustainable use and equitable sharing of its benefits. They defined biodi-
versity as: The variability among living organisms from all sources including inter alia, 
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which 
they are part; this includes diversity within species, between species and of ecosystems.

Biodiversity loss

Loss of biodiversity could signify reduction in the number of species (or in the evenness 
of their relative abundance) within an area, but most often it signifies species loss—at 
best, local reduction of species richness resulting from local extirpation or migrations to 
another area, and at worst, global extinction. A species is extinct when no living individual 
is known to survive, but there is often a delay between the death of that individual and the 
event(s) that caused it (Nic Lughadha et al. 2020) as well as that last individual’s death and 
its public or official recognition. Once habitat disturbance, environmental change, invasive 
species, disease, hunting or other factors reduce demographic structure or habitat size or 
suitability to a state that cannot sustain population growth,, extinction becomes inevita-
ble, with the last individuals eventually dying from stochastic events (e.g., storms, disease, 
poaching) or old age. This extinction delay may be long for (or not applicable to) spe-
cies that undergo dormancy (e.g., Morono et al. 2020) or for large species with lifetimes 
of decades (e.g., white rhinoceros, Northern Right Whale), centuries (e.g., giant redwood 
[Sequoiadendron giganteum]) or longer. For culturally salient animals, a final stage (‘soci-
etal extinction’) may occur as cultural experience and collective memory fade, thereby con-
tributing to a shifting baseline of biodiversity, reducing awareness of the severity of anthro-
pogenic impacts and true extinction rates, and eroding cultural heritage (Jarić et al. 2022). 
Preserving species native to ecosystems is a general goal common to all conservation 
efforts, but increasingly challenging, as 40,000 of the 142,500 species globally assessed 
are threatened with extinction, including 41% of amphibians, 37% of sharks and rays, 33% 
of reef building corals, 26% of mammals and 13% of birds (IUCN 2022b). Additionally, 
43.7% of globally assessed vascular plants with sufficient data (roughly 10% of known spe-
cies) are considered threatened (i.e., categorized as Vulnerable, Endangered, or Critically 
Endangered). They include 40% of gymnosperms counting 34% of conifers (IUCN 2022b) 
and 62% of cycads, 44% of ferns and fern allies and 46% of flowering (Nic Lughadha et al. 
2020). Thirty percent (30%) of the world’s 58,497 tree species are threatened with extinc-
tion, with at least 142 species now extinct in the world (Antonneli et al. 2020). Overall, 
IBPES (2010) estimated that one million species worldwide are threatened with extinction.

Rounsevell et  al. (2020) suggested using extinction reduction as an easily communi-
cated primary measure of progress toward biodiversity goals, with a near-term target of 
keeping extinctions of described species to well below 20 per year over the next 100 years 
across all major groups (fungi, plants, invertebrates, and vertebrates) and ecosystem types 
(marine, freshwater, and terrestrial). For comparison, in 2021, 22 animal species (11 birds, 
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8 freshwater mussels, two fish and one bat) as well as one plant species were declared 
extinct in the US alone (USFWS 2021).

Indicators, composite indicators, and indices

Evaluating an area’s biodiversity requires construction of an ‘indicator’. An indicator is a 
scientifically verifiable measure whose data can convey information about something other 
than itself (Biodiversity Indicators Partnership 2011), such as to summarize and commu-
nicate key aspects of an ecosystem state (McQuatters-Gollop et  al. 2019). For example, 
trends in annual counts of the population of an animal or plant species have frequently 
been used to indicate aspects of an area’s ecological condition, integrity or biodiversity 
(Sissig et al. 2016).

Combining such information with results from similar surveys of other species can cre-
ate a ‘composite indicator,’ often called an ‘index’ (the names are used interchangeably), 
to provide a broader gauge of ecological state in a simplified manner. Assessing biodi-
versity at regional or global scales typically involves aggregation of numerous indicators. 
Each incorporated indicator may have idiosyncratic inherent measurement inconsistencies 
or features, often related to decisions made during design, aggregation, and weighting of 
sub-indicators, as well as data availability or cost, and treatment of data gaps; hence, index 
behavior may incorporate biases that hamper utility (Watermeyer et al. 2021).

After CBD ratification, a broad set of composite indicators was assembled for track-
ing progress toward 20 specific global biodiversity targets (Aichi targets) (Biodiversity 
Indicators Partnership 2010). The most recent draft indicator review (CBD 2020) includes 
the Living Planet Index (WWF 2020), which tracks abundance of ~ 21,000 populations of 
nearly 4,400 species of mammals, birds, fish, reptiles and amphibians; and the Biodiversity 
Intactness Index (Scholes and Biggs 2005; Martin et al. 2019), which measures the average 
current abundance of wild species relative to pre-modern times. The CBD’s overall goals 
include reducing extinction rates tenfold, halving the risk of species extinctions by 2030, 
maintaining at least 90% of genetic diversity within all species maintained, and protecting 
at least 30% of the world’s oceans and land by 2030 (CBD 2020).

Biodiversity measurement and its challenges

The ‘raw material’ of biodiversity comprises individual eukaryotic and prokaryotic organ-
isms. Individual eukaryotes belong to ~ 1.8 million to 8.7 million species, ~ 0.3 million to 
2.2 million of which are marine (Mora et al. 2011; Costello et al. 2012; Appeltans et al. 
2012), with an estimated 91% and 86% remaining to be discovered in the ocean and on 
land, respectively (Mora et al. 2011; also see Costello et al. 2012). In addition, there are 
approximately ~ 0.8 to 1.6 million identified prokaryote ‘species,’ or operational taxonomic 
units [I] of bacteria and archaea with 16S rRNA gene clusters sharing > 97% similarity, 
roughly corresponding to species (Louca et al. 2019). Most prokaryotes are globally dis-
tributed terrestrially or in the ocean such that forms can be recovered from a single land 
(Ramirez et al. 2014) or marine (Gibbons et al. 2013) location; local populations are deter-
mined by differential responses to environmental factors (light, temperature, etc.) rather 
than presence or absence—suggesting that in contrast to larger organisms, local distur-
bances or rapid climatic shifts are unlikely to cause extinction of a large fraction of prokar-
yotic species (Louca 2021).
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The fundamental indicator of biodiversity, ⍺ diversity, expresses the distribution of indi-
viduals among the various species present within a sampled area or volume. It involves 
three conceptual process phases (Fig. 1). Ideally all entail robust primary data, consistent 
methodologies, and integrated results, but challenges exist for each phase.

Phase I: measurement

In this phase, primary data for biodiversity estimation are captured as numbers of individu-
als per species, per unit area or volume within a sampled geography, and typically seques-
tered into separate taxon- or size-specific analyses. Each separate analysis describes the 
diversity within a particular category, e.g.,

(a)	 For land, e.g., diversity of trees, mosses, soil organisms, amphibians, reptiles, birds or 
mammals;

(b)	 On the deep seafloor, e.g., diversity of nematodes, echinoderms, coelenterates, poly-
chaete worms or fish;

(c)	 By size spectrum: e.g., diversity of megafauna, macrofauna, meiofauna (mesofauna), 
microfauna.

Challenges

The taxonomic variety and broad size spectrum of organisms present in communities typi-
cally requires division of labor, both in collection of organisms and analysis of results. As 

Fig. 1   Process challenges in biodiversity measurement, computation and comparison. Illustrated are the 
main tasks, outputs, and challenges in biodiversity measurement, computation, interpretation and compari-
son, grouped by process phase
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a result, different investigators and specialists focus on different topics. This often leads to 
different taxon-specific or size specific methods being used across investigations. Meth-
odological differences can bias the number of species and individuals detected, thereby 
confounding later comparisons of species diversity or report integration efforts (e.g., Strat-
mann et al. 2021). Differences among investigators include types of sampling apparatus, 
sampling season, sieve mesh size (Gage et al. 2002; Zelnio 2009; Lins et al. 2021), size of 
area sampled, depth of soil or sediment sampled, and analytical techniques.

Physical limitations and sampling challenges can also bias results. Organism rarity, 
movements, catchability, diurnal rhythms, migrations and seasonalities, as well as inherent 
difficulties of sampling some communities (e.g., tree canopy or deep-sea habitats), com-
plicate biodiversity measurements based on traditional methods. Marine sampling meth-
ods, including remotely operated vehicles, drop cameras, trawls and other devices, differ 
in effectiveness at sampling different types of benthic epifauna or habitats (Mendonça and 
Metaxas 2021). Nets may also destroy delicate oceanic organisms, such as jellyfish, salps, 
appendicularians and others, so accurate counts must rely on videography from underwater 
vehicles or similar technology.

Additionally, very small or rare organisms and cryptic species are difficult, time-con-
suming, and expensive to sample and study using morphology-based taxonomy (Le et al. 
2021). An increasingly used cost-effective method to detect such variety of present life 
forms is through analysis of samples of short, specified micro-sequences of DNA or RNA 
directly from the environment (eDNA, eRNA) such as water, soil, feces or air (Thomsen 
and Willerslev 2014; Laroche et al. 2020; Lejzerowicz et al. 2021; Clare et al. 2021). Such 
sampled sequences can be sorted into higher taxa (e.g., kingdom, phylum, order) but usu-
ally not to species (except if matched to a genetic sample from a previously morphologi-
cally described species, i.e., ‘bar-code’) (Hebert et  al. 2003). eDNA thus yields general 
information on richness of life and the relative abundance of types, though not whether 
sequences represent species or varieties, or their absolute abundance, population structure 
or biomass (Le et  al. 2021); unless referred to bar-coded species, e-DNA does not pro-
vide information on morphology, physiology, behavior or ecosystem functions of the host 
organism, other than by inference. However, as more species are described and bar-coded, 
particularly as both techniques are utilized together, current difficulties in resolving mor-
phological and eDNA study results will decrease, thereby improving biodiversity estimates 
by detecting diversity hidden in cryptic species (e.g., Sheikh et al. 2022), parasites (e.g., 
Barčák et  al. 2021) and even supposedly well-known groups such as corals (Bongaerts 
et al. 2021).

Phase II: indicators and indices

In this phase, investigators assemble multiple primary and secondary data inputs into quan-
titative numerical indicators or indices to estimate biodiversity or track its trends. All rely 
on integrating the number of species present (‘species richness’) with the distribution of 
individual organisms among them (Peet 1974). Biodiversity is regarded as highest when 
individual organisms (or genetic samples) are evenly distributed among species (or mor-
photypes) (‘evenness’). The techniques are applicable for any scale of study area or habitat 
type, size range (e.g., macrofauna), taxon (e.g., Annelida), etc., and resulting indices of 
diversity are expressed as dimensionless numbers regardless of the system being evaluated.

One of the most frequently used measures, Simpson’s indicator of biodiversity (Simp-
son 1949), ranges from 0 (when all individuals belong to one species) to 1 (when every 
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individual is a different species and diversity is ‘infinite’) and is calculated as 1 – {Σ 
n(n−1)/ N(N−1)}, where n = number of individuals of a particular species and N = num-
ber of individuals across all species. Numerous alternative techniques are also available 
(Ardron et al. 2019; Hayek and Buzas 2010), and there is no single best or true biodiversity 
index. Instead, the type of indicator(s) used is ideally selected based on the specific eco-
logical question to be addressed (Gorelick 2011). Albeit simplistic, our discussion focuses 
on species richness as the most common and easily understood measure of ‘biodiversity,’ 
mentioning aspects of genetic or phyletic diversity where appropriate.

Challenges

Whether and how to integrate results from heterogeneous taxon- or size-specific studies 
to form an overall biodiversity assessment is not clear cut. The absence of measurement 
process uniformity in Phase I can lead to ambiguity, inconsistency, incompleteness, or bias 
in composite indices. Additionally, some ecosystems and taxa are much better studied than 
others—e.g., birds and mammals, in which nearly every species is described—while the 
overwhelming majority of systems, organisms and clades are under-studied (Sigwart et al. 
2018), including microorganisms and many invertebrate groups, leading to (unintention-
ally) biased evaluations of their species diversity.

Integration of results using heterogeneous techniques also remains a challenge, espe-
cially since patterns of species richness vary among taxa, as in Ritter et  al. (2019) who 
compared morphologically based results for Amazonian trees and birds with meta-bar-
code-based results for microorganisms. Both sets of results shared a declining west-to-east 
gradient at large spatial scale, but significant differences at smaller scales and inconsisten-
cies across taxa indicated that at a regional scale, the diversity distribution of one taxo-
nomic group should neither be used as a general proxy for the diversity of another nor as an 
indication of overall patterns of richness; and that at small spatial scales, idiosyncrasies of 
each taxonomic group and peculiarities of each environment appeared to be more impor-
tant than general diversity patterns, which differ among organism types.

Phase III: comparison and interpretation

In this phase, compiled indicators and indices are used and interpreted to some end, often 
for policymaking or driving action. This could entail comparing indices across biomes and/
or time, as well as interpreting the quantitative values qualitatively.

Challenges

Quantitative comparison of species richness measured at different scales requires access to 
site-specific species-area discovery functions, which are not always available. Additionally, 
comparable results for the same category (e.g., taxonomic group, size class, etc.) may not 
be available, especially if the different biomes have not been quantitatively sampled in the 
same way.

Without an integrated picture, policy makers with varying levels of technical profi-
ciency may be encumbered in their analyses, restricted to system comparisons of taxon- or 
size-class-specific reports that incorporate the methodological inconsistences mentioned 
above. Though some of the more mechanical challenges can be resolved (Lins et al. 2021), 
the compared indices still do not capture the relative values of their component species. 



1134	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Overall, the way to integrate siloed results to describe inclusive community diversity is not 
entirely clear.

Interpreting the relative value of different biodiversity measurements may also be chal-
lenging, because there is no unequivocal mapping of the benefits that biodiversity confers. 
Although areas with ‘high’ biodiversity are typically regarded as ‘better’ than ones with 
‘low’ biodiversity, a higher biodiversity index by itself does not necessarily confer greater 
importance on an ecosystem. Other factors, such as existence values, ecosystem services 
and resilience may carry greater weight, as described below.

Value considerations in biodiversity

Do identical biodiversity index scores for two different systems imply equal value? Should 
a high biodiversity measure of an ecosystem’s parasites (Gómez and Nichols 2013) or 
pathogens be valued equally with the high biodiversity measure of, e.g., its echinoderms 
or amphibians? Gómez and Nichols (2013) answer affirmatively.3 Velland (2017) too sug-
gested that quantification of biodiversity should be value-free to safeguard scientific cred-
ibility, but he noted that such measures may not always correspond with anthropocentric 
values. Such considerations add complexity to tasks of comparing biodiversity across 
regions, such as discussing mining’s biodiversity impacts on land versus the deep sea.

Existence value beyond a single index

To begin, and separate from the fact that biodiversity measurements treat them all equally 
(Magurran 2004), individuals and species share ‘intrinsic value.’ This represents the equal 
inherent worth that emanates directly from themselves and the fact of their existence 
(Francis 2015; de Vere et al. 2018; Katona et al. 2021).4 However, they differ in ‘existence 

3  Gómez and Nichols (2013) contend that arguments advanced to conserve free-living species apply 
equally well to parasites, and that ignoring parasites in efforts to conserve biodiversity would constitute 
neglecting critical components of patterns and processes that form natural ecosystems. They describe para-
sitism as perhaps the most widespread animal trophic strategy, noting that 31 of the 42 broadly recognized 
phyla are entirely or predominantly parasitic, while others contain multiple parasitic clades; and that para-
sitic biomass can equal or exceed free living biomass in some groups. Lovejoy’s (1994) discussion of wee-
vils is also of interest.
4  It is difficult to conceive of intrinsic value absent humans (or other sentient beings) to appreciate it. 
Hence, ‘existence value’ is often used in reference to the psychological benefits people receive from know-
ing that a species or natural feature exists, even though they may never see it (Harvard Law Review 2016). 
Species may gain psychological traction and value to humans through fictional representation (e.g., Mel-
ville’s “Moby Dick”, London’s “Lobo", Disney’s “Nemo”), documentary literature (Joy Adamson’s “Elsa”), 
or through particularly well-known representatives, such as individuals of great age (the “Methuselah” bris-
tlecone pine or the Japanese koi “Hanako”), notable reproductive success (Laysan albatross “Wisdom”), 
noteworthy intelligence (western lowland gorilla “Koko”, orca “Namu”, African gray parrot “Alex”), tour-
istic importance (African lion “Cecil”) or symbolic importance of the last remaining individuals (passenger 
pigeon “Martha” or Sumatran rhinoceros “Tam”). Few deep-sea species have gained such iconic status, 
with the possible exception of the giant squid (perhaps originally intended as an octopus) introduced to the 
public in 1870 by Jules Verne in 20,000 Leagues Under the Sea. However, photographs of newly discov-
ered deep-sea species in the CCZ (Davis 2020) and elsewhere (e.g., Schmidt Ocean Institute 2020) have 
gained public attention, including xenophyophores, the sea-anemone-like Relicanthus, a polychaete worm 
Ophelina nunnallyi, a strange bulbous worm Travisia zieglerae, as well as the first live photographs of some 
species discovered by the Challenger Expeditions of 1872-1876 such as the “gummy squirrel” sea cucum-
ber (Théel 1882) and some “Dumbo” octopuses (Jamieson and Vecchione 2020). In time, some deep-sea 
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value’, which represents their value to biological communities, humans or perhaps to the 
world as a whole (Harper and Hawksworth 1994).

Such differences may influence judgements of what rights to well-being different spe-
cies (or individuals) have or ought to possess, as well as human decisions to conserve them 
and/or use their habitats. They also influence interpretation of biodiversity measures.

How might we evaluate differing biodiversity scores for a forest bird community and 
a deep-sea echinoderm or fish community? It is at least clear that, as Feest et al. (2009) 
recognized, a single measure of biodiversity cannot definitively answer such value-compar-
ison questions. Instead, they proposed simultaneous use of a range of biodiversity-related 
indices, such as species richness, evenness/dominance, biomass, population and rarity/
intrinsic value, as a more satisfactory description of ‘biodiversity quality.’

Whether a comprehensive multidimensional index of biodiversity quality could (or 
ought to be) created as a stand-alone measure for comparing ecosystems still remains to 
be seen. Indicator trends in different areas can reveal where biodiversity loss is fastest or 
greatest, but not which area might have most value to humans, other natural communities, 
or the planet.

Resilience values

Two values often associated with biodiversity are ecological resistance and ecological 
resilience. Resistance describes a community’s ability to absorb the effects of internal or 
external disturbance without noticeable change in function or structure; while resilience 
describes the ability and rate of recovery from disturbance (Gollner et al. 2017; Meredith 
et  al. 2018). Biodiversity, encompassing variation from within species to across land-
scapes, may be crucial for resistance and longer-term resilience of ecosystem functions and 
the services they underpin (Oliver et  al. 2015). In theory, the presence of more species, 
traits and genotypes can help ecosystem functions resist or recover more rapidly from envi-
ronmental perturbations. Note that regional rather than local diversity appears to be more 
closely linked to macrosystem stability (Patrick et al. 2021).

Recognized value categories

The assumption of species equality within a biodiversity index obscures the fact that some 
species may be particularly ‘valuable’ to a biological community. These may include 
‘Structural species’ that provide its physical architecture—trees, giant kelp, mangroves, 
reef-forming corals, oysters, mussels (Huston 1994), xenophyophores (Ashford et al. 2014; 
Simon-Lledó et  al. 2019a, b), stalked glass sponges (Stratmann et  al. 2021); ‘Ecosystem 
engineers’ that actively alter it—beavers, earthworms, termites,5alligators, hippopotamus; 
and ‘Keystone species’ which are disproportionately connected to more species in a food 

5  As one example, in northeastern Brazil, a single species, the litter-feeding termite, Syntermes dirus, has 
constructed an array of 200 million interconnected mounds, each ~ 2.5 m tall and 9 m in diameter, that cov-
ers 230,000 km2 and has persisted for 4000 years (Martin et al. 2018). The largest animal-made structure, 
the 344,468 km2 Great Barrier Reef (NOAA 2022) was built over the past ~ 600 ± 280 ka by many species 
of corals and other calcifiers (Alexander et al. 2001).

species, including species that have not yet been discovered, could become iconic and serve as flagship or 
umbrella species for deep-sea conservation.

Footnote 4 (continued)
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web (Menge and Freidenburg 2013) or have essential functional roles in creating or main-
taining a habitat or ecosystem’s structure and functions—redwood trees, prairie dogs, ele-
phants, beavers, wolves, sea otters.

Other species may be particularly valuable as strategic assets for conservation efforts, 
such as ‘Indicator species’ (Sissig et al. 2016) or ‘Sentinel species’ used as proxies for a 
habitat or ecosystem’s status and health—spotted owl, river otter, frogs, parrot fish, sharks; 
‘Umbrella species’ with extensive areal needs, such that protecting them also benefits other 
organisms in their habitat or ecosystem—tigers, jaguars, grizzly bears, whales; and ‘Flag-
ship species’ iconic or symbolic of particular habitats or ecosystems and sufficiently fas-
cinating to galvanize public support for their conservation, and, if well chosen, to inspire 
actions that protect background species and biodiversity (McGowan et al. 2020)—whales, 
tigers, gorillas, orangutans, great pandas elephants, seahorses (Barua et al. 2012; Verissimo 
et al. 2011).

We note that, with the exception of structural contributions of stalked xenophyophores 
and glass sponges, lack of knowledge about abyssal seafloor ecosystems has thus far pre-
vented public acknowledgement of Indicator, Sentinel, Keystone, Umbrella or Flagship 
species. (The amount of popular-press coverage of the discovery of pale incirrate ‘ghost 
octopuses’ nicknamed ‘Casper’ at great depths in the Pacific Ocean, though not yet found 
in the CCZ (Purser et al. 2016), could make them a candidate for Flagship status.) Notably, 
despite their foundational importance in soils and on the abyssal seafloor, microbes have 
not yet been included in such categories, with the exception of macroaggregated foraminif-
erans (xenophyophores) on the deep seafloor.

Ecosystem services benefits

Existence values of different species reflect their various benefits to humans. Greater bio-
diversity may offer the potential for more such benefits, termed ‘ecosystem services’, to be 
delivered or available to people (Lovejoy 1994). Ecosystem services are direct and indirect, 
tangible and intangible contributions to human well-being. Among others, they include 
(De Groot et al. 2010):

1.	 Provisioning Services: food, water, raw materials, and genetic and medicinal resources;
2.	 Regulating Services: maintaining air quality, climate, water flow, moderating extreme 

events, maintaining soil fertility and reducing erosion, waste treatment, pollination and 
biological control;

3.	 Supporting Services: primary production, nutrient cycling, habitat or nursery areas for 
residents or migrating species, maintenance of genetic diversity;

4.	 Cultural Services: aesthetic or spiritual opportunities, opportunities for recreation and 
tourism, inspiration for culture, arts and design, and information for cognitive develop-
ment.

Neither biodiversity quantification nor the amount of ecosystem services provided is 
alone sufficient to rank one ecosystem ‘better’ than another. Both must be considered. 
For example, tropical rainforests on land and coral reefs in the shallower ocean harbor the 
highest biodiversity and broadest array of ecosystem services in their respective spheres 
(Wagner et  al. 2020); but lower-diversity systems may also be important by providing 
large quantities of fewer ecosystem services—e.g., carbon sequestration and lumber from 
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northern forests (Gauthier et al. 2015), or water purification and nursery habitat for com-
mercially harvested whelks from horse mussel reefs (Kent et al. 2016).

Ambiguous value of high biodiversity indices (case: nematodes)

Some value issues are complex. Nematodes offer a prime example where detailed ecologi-
cal context is necessary for determining the value of high biodiversity. Given the range of 
niches filled by nematodes and the many species harmful to plants, animals and people, 
high nematode biodiversity cannot simply be valued as ‘better’ or ‘good.’ A more nuanced 
evaluation of nematode biodiversity is needed—one that considers the roles, benefits and 
harms associated with the various species (or major groups) present in an ecosystem. The 
same can likely be said for many other taxa.

The ubiquity of nematodes inspired Cobb’s (1915) memorable reflection that if every-
thing but nematodes were swept away, the shape of our world and all that had lived in it 
would still be dimly recognizable as represented by a film of nematodes. The ~ 4.4 × 1020 
individuals in soil alone make nematodes Earth’s most abundant metazoan organisms (van 
den Hoogen et  al. 2019). They are also extremely abundant in fresh and marine waters, 
representing approximately 90% of the metazoan animals on or in the CCZ seafloor. Their 
ranks include detritivores, bacterivores, fungivores, herbivores, omnivores, predators and 
parasites (Schratzberger et al. 2019).

On the ‘bad’ side, more than 4000 species parasitize plants, causing annual aver-
age losses of ~ 12% of crops and ~ 215 billion USD to global agriculture; and more than 
300 species parasitize animals, causing billions of dollars of losses to livestock, fish, and 
expenses for prevention, extermination and treatment as they also infect 24% of the global 
human population (Bernard et al. 2017; Salikin et al. 2020). On the ‘good’ side, ‘benefi-
cial’ predatory or parasitic nematodes that kill species-specific types of agricultural pests 
are sprayed on fields and gardens to control slugs, snails, thrips, grubs, beetles, earworms, 
moths and others, all with no harm to people or wildlife (Askary and Abd-Elgawad 2017). 
Furthermore, regardless of its messiness, high nematode biodiversity appears to enhance 
the rates and efficiency of ecosystem processes. In the CCZ, this would include bioturba-
tion and redistribution of food within the sediment, detrital processing and composition, 
biodiversity enhancement through predation on larvae of other organisms, and stimulation 
of growth, activity and carbon production by bacteria and other microorganisms (Dano-
varo et  al. 2007; Schratzberger et  al. 2019). Thus, from an ecosystem perspective, high 
nematode biodiversity likely benefits the CCZ seafloor community, even if future research 
reveals examples of parasitism.

From a human-centered utilitarian perspective, the situation is also nuanced. On land, 
nematodes are geographically and temporally closely connected to humans and to the eco-
system services supporting us. There, high nematode biodiversity is not unequivocally ben-
eficial, but both positive and negative effects of nematodes are felt. In contrast, the CCZ 
seafloor’s great depth reduces the contributions of its inhabitants to Provisioning Services, 
and it slows delivery time for any others. Hence, while in shallower coastal and pelagic 
systems higher nematode biodiversity is correlated with higher ecosystem services deliv-
ered (e.g., fisheries productivity, nursery habitat, ecotourism, water filtering capacity, resil-
ience to disruptive events) (Worm et al. 2006), in the CCZ the near-term human impacts of 
benthic nematodes—whether beneficial or not—are likely far less significant (with further 
research necessary to reveal any longer-term impacts). The value of ‘high’ biodiversity is 
thus both context and knowledge dependent.



1138	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

As a further example of this, vector-transmitted diseases demonstrate the need for 
nuanced interpretations of biodiversity. Using mosquitoes as an example, on the ‘good’ 
side, mosquito adults of the 3400 known species are important food for insectivorous bats, 
birds, dragonflies, carnivorous plants (e.g., some pitcher plants, sundews, venus fly traps 
and bladderwort (Król et al. 2012; Scherzer et al. 2019) and predacious mosquitoes. Mos-
quito larvae are eaten by the larvae of damselflies and aquatic beetles as well as some tad-
poles and young turtles. Both sexes feed on nectar, pollinating small flowers during the 
process. On the ‘bad’ side, females seek blood meals from vertebrates before they make 
eggs. About 10% of species are efficient vectors of human and animal disease, including 
life-threatening illnesses such as malaria, dengue fever, yellow fever and others. The net 
result can be a conflict between mosquito ecosystem services to biota and to humans (Man-
guin and Boëte 2011). Similarly, on the ‘bad’ side, high vertebrate biodiversity can provide 
a negative ecosystem service to humans by serving as a source pool for new pathogens. On 
the ‘good’ side, it can also reduce human incidence, to the extent that mosquitos or other 
vectors have non-human vertebrates available to feed on that are less competent hosts for 
pathogens. Conversely, low vertebrate biodiversity can have the opposite effect: reductions 
in the biodiversity of birds, small mammals and plants have increased the infectivity of 
West Nile virus, hantavirus and fungal rust, respectively (Keesing et al. 2010).

Comparing biodiversity between land and the deep sea

Given the above biodiversity definitions, measurement challenges, and nuances in value 
determination, we now turn to several issues that specifically confound comparisons 
between biodiversity on land and in the CCZ or other deep-sea areas.

Microbes

Quantification of the abundance, diversity and function of microbes is a mandatory part 
of the application process for commercial exploration for CCZ nodules (Sec. 36(d) ISA 
2013). In contrast, microbes are not usually considered during review of terrestrial projects 
that disturb soil. In fact, despite their known ecological importance to soil and plant ecol-
ogy, they rarely receive attention in land mining (Pugnaire et al. 2019). This discrepancy 
in biodiversity measurement standards for microbes during environmental impact assess-
ments can hinder scientific comparison of the two realms, as well as public discussion 
about them.

Microbes (bacteria, archaea, protista, fungi and viruses) are very small organisms that 
are vitally important within all terrestrial and marine ecosystems. They act variously as 
primary producers, decomposers, chemoautotrophs, dissolved carbon assimilators, food 
sources, parasites, pathogens and symbionts. However, estimating their abundance and 
diversity is difficult (Corinaldesi 2015) and how to include them in biodiversity assess-
ments is problematic.

Broadly, microbial groups include the following:

•	 Bacteria Terrestrial bacteria build and maintain soil by decomposing organic matter 
and mineralizing nutrients. They assist plants by fixing nitrogen, aiding uptake of nutri-
ents and water, synthesizing needed substances, and stimulating production of chemical 
defenses against herbivory. They also influence plant growth, physiology and palatabil-
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ity, and both protect against and cause various plant diseases (Hayat et al. 2010; Heinen 
et al. 2018). Oceanic bacteria include Earth’s most abundant photosynthetic organisms, 
the marine cyanobacteria, Prochlorococcus spp., and communities in abyssal sediments 
(Bienhold et al. 2016), on nodules (Wear et al. 2021) and at hydrothermal vents and 
cold seeps that help power the benthic food web through chemoautotrophic and hetero-
trophic production (Sweetman et al. 2018).

•	 Archaea A kingdom first described in 1977, archaea include 30 phyla and numerous 
taxa at all levels of classification. They inhabit both extreme and common habitats in 
soil and aquatic and marine waters and sediments. Archaea contribute important func-
tions in the global carbon cycle, methanogenesis, sulfur cycling and nitrification (Adam 
et al. 2017; Zou et al. 2020) including in CCZ waters and sediments.

•	 Protista Between 60,000 to 200,000 Protistan species are thought to exist, occupy-
ing any environment where liquid water is present. They include photosynthetic, het-
erotrophic, saprophytic, predatory and pathogenic types. Numerically important in the 
marine water column, they may comprise 50% of microbial abundance there, but their 
numerical abundance is much lower on the abyssal seafloor (though giant agglutinated 
foraminiferan protistans—xenophyophores—are a key component of the abyssal sea-
floor megafauna, with important structural significance) (Gooday et al. 2020).

•	 Fungi Fungal species estimates range from ~ 611,000 (Mora et  al. 2011) to 2.2–3.8 
million (Hawksworth and Lücking 2017) to ~ 5 million (Blackwell 2011). On land, 
many species connect and help nourish nearly every terrestrial plant through complex 
mycelial networks (Steidinger et  al. 2019; Sheldrake 2020), though quantifying their 
diversity is a challenging task (Feest et  al. 2009). On the other hand, parasitic fungi 
destroy one third of global food crops annually (Fausto et al. 2019), and about 300 of 
the ~ 148,000 fungal species described as of 2020 (Cheek et al. 2020) are harmful to 
humans (McKenna 2021). Identification and classification of deep-sea fungi are still in 
their infancy (Vargas-Gastélum and Riquelme 2020), though some species have been 
proposed as a potential source for bioactive molecules (Arifeen et al. 2020). The well-
known metal-scavenging abilities of terrestrial fungi have potential utility for treating 
mining wastes, reclaiming mine sites and extracting metals from nodules (Dusenge-
mungu et al. 2021; Beolchini et al. 2020). Because fungal ubiquity on land particularly 
coevolved with vascular plants, it will be interesting to learn the extents of their roles 
and associations in the deep sea where no plants exist.

•	 Viruses Though not technically ‘alive,’ viruses are the ocean’s most abundant and 
genetically diverse entities. Each day they lyse an estimated 20% of the phytoplankton, 
bacteria and other microbes that make up 90% of the ocean’s biomass, releasing carbon 
and other nutrients to pelagic and benthic marine food webs (Suttle 2007). Filter feed-
ers, including crabs, cockles, oysters and sponges (Welsh et al. 2020), as well as Oiko-
pleura (Lawrence et al. 2017) and presumably other appendicularians, remove viruses 
from the water column, but their dietary importance is not known. Decomposition of 
bacteria lysed in seafloor surface sediments, as well as the protein coats and nucleic 
acids of the viruses themselves, may also be a primary source of nutrients to seafloor 
productivity (Suttle 2005; Dell’Anno et al. 2015).

Whether and how to include microbes in an overall description of ecosystem biodi-
versity (as opposed to function) remains unclear, in part because microbial significance 
is not always correlated with their diversity. Single-species or single-genus populations 
can have enormous import, e.g., via invasive impacts (Thakur et al. 2019), disease (Bay-
liss et al. 2017; Baker et al. 2021) or health maintenance in humans (e.g., dominance of 
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Lactobacillus spp. in vaginal microbiota, Witkin and Linhares 2016) or animals (e.g., Ter-
mitomyces spp. in termite fungal farms—probably the most complex colony and mound 
structures formed by any terrestrial invertebrate group (Aanen et al. 2002). Also unclear is 
the relationship between microbes’ diversity and the diversity of organisms in larger size 
classes or taxa.

The relationship between microbial genetic diversity and traditionally measured biodi-
versity is not always straightforward either. The very small sizes of these organisms make 
them extremely difficult to count and identify. Studies of microbial communities and diver-
sity are typically conducted independently from studies of multicellular organisms, with 
each microbial group (e.g., viruses versus bacteria) typically studied separately due to the 
need for specialized techniques. Microscopy rarely permits visual identification to species, 
so eDNA or eRNA is increasingly used to distinguish unique sequences present. Whether 
the sequences represent species or varieties can be inconclusive, especially since the defi-
nition of species is problematic for bacteria, archaea and viruses (Fig. S3, Bar-On et  al. 
2018), at least.

Vascular plants

Current biodiversity comparisons between land and the deep-sea focus exclusively on 
animals. Such analyses fail to express the high species richness of vascular plants in land 
biomes disrupted by traditional mining. Kingdom Plantae comprises 80% of Earth’s bio-
mass (Bar-On et al. 2018) and includes about 391,000 known species of vascular plants, 
of which 21% are in danger of extinction (RBG Kew 2016) from conversion of forests 
and other land to agriculture, development, or mineral extraction, among others. Terrestrial 
metal mining has caused extinction of metallophyte plants, which evolved where metal 
accumulations extend to the Earth’s surface. Remaining metallophyte refugia are under 
acute threat as previously uneconomic deposits of metals are targeted for extraction, par-
ticularly in biodiverse tropical areas. For example, hundreds of endemic copper metallo-
phyte species are among the most critically endangered plants in the world due to increased 
copper mining in the Democratic Republic of Congo (Erskine et al. 2012).

In contrast, no vascular plants exist in the CCZ water column or on its abyssal seafloor 
(e.g., Assis et al. 2020) and plants in the water column are limited to microscopic phyto-
plankton in the photic zone—about 0 to ~ 200  m in the CCZ. We found no overall esti-
mate of the number of phytoplankton species there, but Zinssmeister et al. (2017) reported 
66 species of dinoflagellates (Dinophyceae), said to be an unexpectedly high number, of 
which up to 7 could be new. If mining-related impacts are engineered out of at least the top 
1000 m of the water column by deep discharge, disturbance to phytoplankton or other near-
surface life would be limited to factors typical of ship operation such as noise (Martin et al. 
2021), light (Miller et al. 2018), airborne engine exhaust, wastewater discharge and metal 
pollution from bottom paint (Richir et al. 2021). Nevertheless, finding ways to compare the 
biodiversity of one realm whose biomass is dominated by plants and fungi with another 
dominated by animals and protistans (Bar-on et al. 2018) is troublesome.

Phylogenetic diversity

Phylogenetic diversity differences between terrestrial and deep-sea habitats confound 
efforts to measure baselines and establish priorities for conservation. Despite covering only 
30% of Earth’s surface and containing vastly less volume than the ocean, land is inhabited 
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by many more species than exist in the ocean, thereby leading to many land regions with 
greater species diversity than the CCZ. However, the situation is reversed at the levels of 
eukaryote phylum and class: 34 phyla live in the marine realm, 17 in freshwater, and only 
15 on land; similarly, 77 classes occur in the sea, 35 in freshwater, and 33 on land (Briggs 
1995). Terrestrial biodiversity measures are heavily skewed by the extraordinary number of 
species in one phylum, Arthropoda, whose estimated 7 million species (including 5.5 mil-
lion insects and 1.5 million beetles) comprise 90% of all terrestrial species (Stork 2018). In 
contrast, 8 phyla, led by Nematoda and Mollusca, are needed to cover the same proportion 
(90%) of marine species (Briggs 1995). Moreover, the CZZ seafloor and water column con-
tain many phyla that have no presence on land or in its adjacent freshwater systems: Cte-
nophora, Chaetognatha, Echinodermata, Sipuncula, Echiura, Brachiopoda, among others.

Inhabitants of both ecological realms face growing numbers and intensities of stress-
ors, i.e., natural or anthropogenic environmental changes that decrease organismal fitness 
(Boyd and Hutchins 2012). Current stressors to deep pelagic and benthic biodiversity are 
climate change, fishing (although most occurs at shallower depths) and chronic or episodic 
pollution that degrades habitat quality, such as noise from military activities, shipping or 
others Stressors added by DSM would especially include noise (Martin et al. 2021, Wil-
liams et al. 2022), habitat loss, sediment disruption and turbidity. Meanwhile, biotic com-
munities on land face numerous and increasing pressures as the growing human population 
demands more food, water and materials, stimulating conversion of natural landscapes to 
rangeland, intensive agriculture, urbanization and industrialization accompanied by accel-
erating habitat loss, pollution by synthetic pesticides and fertilizers, spread of pathogens, 
exotic species and other biological factors, and contributing to climate change. These 
stressors have already caused dramatic declines in plant and animal populations (as well as 
indigenous cultures) globally, such that an estimated 40 percent of species could become 
extinct within coming decades (Sánchez-Bayo and Wyckhuys 2019).

Consequently, a measure of biotic richness on the CCZ seafloor would likely have 
higher phyletic diversity, but lower species diversity, than a measure on land. Meanwhile 
conservation efforts on land could protect more species, while conservation in the deep 
ocean could protect more phyla and classes; but under most circumstances, other criteria 
for protection would be more useful than taxonomic level.

Inconsistent criteria for size classification

Criteria for names given to size classes of organisms—megafauna, macrofauna, meiofauna 
(or mesofauna in soil science), and microfauna—vary among research studies. Even within 
habitats, methodological sampling differences and categorical transgressions by ontologi-
cal life stages complicate size class descriptions, such as for macrofauna and meiofauna 
(Lins et  al. 2021). Terrestrial and marine scientists use mostly the same names for size 
classes, but with very different size criteria for identically named categories on land versus 
on the seafloor (see Fig. 2).6 We highlight ‘megafauna’ as a prime example.

6  The ‘mega’ prefix accretes further ambiguity through use in the public arena, particularly advertising, 
where it typically connotes great, large, huge, very big, greatly surpassing others of its kind, or very good—
as in megastars, megastores, Mega Pokémon©, Mega Bloks© building toys, and Mega Variety Snack Packs, 
but also in public dictionary entries that typically include ‘megafauna’ as organisms of large mass or size, 
but without precision, such that Google search results carried out on 21 February 2020 for ‘definition of 
megafauna’ yielded “in terrestrial zoology …comprises the large or giant animals of an area, habitat, or 
geological period extinct or extant” (Wikipedia.com); “animals (such as bears, bison, or mammoths) of par-
ticularly large size” (Merriam-Webster.com); “animals with adults larger than a threshold size, originally 
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In physical science, the prefix ‘mega-’ specifies one million times the stated unit (e.g., 
megaton). Biological scientists use it differently, describing terrestrial, freshwater and 
pelagic marine ‘megafauna’ on the basis of mass, but categorizing benthic marine and soil 
invertebrate ‘megafauna’ by length (Moléon et al. 2020). On land, ‘megafauna’ originally 
designated animals > 45 kg (Martin 1967); but Malhi et al. (2016) used consumption and 
predation patterns to categorize large herbivores (45–999 kg), megaherbivores (≥ 1000 kg), 
large carnivores (21.5–99 kg), and megacarnivores (≥ 100 kg). Additionally, some soil sci-
entists reappropriate the term to describe small vertebrates and earthworms. In coastal and 
pelagic systems, criteria generally resemble Malhi et  al.’s (2016) (Pimiento et  al. 2020), 
but on the abyssal seabed, ‘megafauna’ denotes organisms longer than 2 cm, or sometimes 
longer than 1 cm (e.g., Simon-Lledó et al. 2019a, b). Hence, depending on its habitat and a 
researcher’s specialty, a hypothetical 1 or 2 cm organism may be classified as:

(a)	 Megafauna, if resident on the abyssal seafloor;
(b)	 Macrofauna, if resident in a coastal system and classified by a marine ecologist;
(c)	 Either megafauna or macrofauna, if found in soil;
(d)	 Macrofauna, if found in a non-soil land habitat.

In Moleón et al.’s (2020) systematic literature review, only 26% of scientists using the 
term ‘megafauna’ defined it, and definitions were often idiosyncratic. While encouraging 
authors to unambiguously define how they use ‘megafauna’ and present the logic underpin-
ning their definition, Moleón et al. (2020) also proposed consideration of functional signifi-
cance and size as potential definitional components.7

Such varied connotations and understanding of the ‘mega’ prefix may bias ecosystem-
use communications or decision making that involves public forums (e.g., DOSI 2021), 
activist groups (e.g., Deep Sea Conservation Coalition, Deep Sea Mining Campaign) or 
discussion groups (e.g., World Economic Forum’s Deep Sea Minerals Dialogue). In such 
settings, discussion may include organisms labeled as ‘megafauna’ at risk from CCZ nodule 
collection—sponges, cnidarians, xenophyophores, echinoderms (e.g., Jones et al. 2019a, b;  
Simon-Lledó et  al. 2019a, b)—but may exclude the much larger fauna or ‘megafauna’ 
potentially at risk from terrestrial mining of battery metals—Sumatran tigers, orangutans, 
rhinoceros, bears in Indonesia, wolf and lynx in Minnesota, Indri lemur in Madagascar, 
Nubian ibex in Jordan. Clarifying and standardizing terminology could thus have policy 
implications beyond the academic sphere.

7  The term ‘charismatic megafauna’ may introduce further semantic confusion. It is typically applied 
to large (Berti et  al. 2020), terrestrial, and exotic mammals and has been useful in conservation cam-
paigns and marketing (Albert et  al. 2018). It has also been used for large aquatic animals, e.g., ceta-
ceans, elasmobranchs and groupers (Mazzoldi et  al. 2019), but could similarly be applied to ‘less attrac-
tive’ or smaller organisms depending on the target public and campaign objectives (Luque et  al. 2018).                
Thus Smith et al. (2018) noted that “the enormous diversity of seafloor invertebrates [on the CCZ seafloor] 
offers many candidates as charismatic megafauna” including the 60 cm ‘gummy squirrel’ holothurian Psy-
chropotes laungicauda.   

Footnote 6 (continued)
100  lb (45.3 kg)” (Malhi et al. 2016); “large or relatively large animals of a particular region, period, or 
habitat: Pleistocene megafauna; crabs and other aquatic megafauna” (Your Dictionary.com); “big (mega) 
animals (fauna)” (Ermanga Natural History Museum, https://​www.​enhm.​com.​au).

https://www.enhm.com.au
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The significance of megabiota, including large trees, terrestrial megaherbivores (ele-
phant, hippopotamus, bison, elk), megaplanktivores and piscivores (basking sharks, whale 
sharks, whales), and megacarnivores (sharks, large reptiles, large cats, wolves) in deliver-
ing ecosystem services and maintaining system function at landscape, seascape, biome and 
earth scales is well known (Malhi et al. 2016). Conservation strategies that promote large 
trees and animals will have significant impacts on biodiversity, ecosystem processes (fertil-
ity, biomass, heterotrophic metabolism) and climate mitigation (Enquist et al. 2020). Past 
and ongoing loss of many of their populations and habitats (Malhi et al. 2016) underlies 
an appeal for a new global initiative for their conservation (Norris et al. 2020), including 
terrestrial and aquatic systems plus the linkages between them (e.g., Doughty et al. 2016).

The extent to which the much smaller seafloor ‘megafauna’ may have such broad eco-
logical significance requires further investigation, especially if deep-sea megafauna are 
used as the benchmark to monitor biodiversity impacts, as suggested by Préat et al. (2021).

Dearth of indicators or historical data for the deep sea

A rich array of indicators and indices is available for terrestrial, freshwater, coastal and 
pelagic regions. Those employed to measure regional or global progress toward the 20 
Aichi biodiversity targets include studies of trends in wild populations, the ecological 
footprint of the human population on the uses of land, water and net primary production, 
changes in areas of different habitat types, percentage of land or sea in protected status, 
number of species on the IUCN Red List, citizens’ awareness of biodiversity concepts and 
concerns, number of countries with biodiversity-relevant charges, fees, subsidies or taxes, 
trends in nitrogen deposition, and others. A dashboard of indicators and indices used for 
each Aichi target may be explored at https://​www.​bipin​dicat​ors.​net or https://​bipda​shboa​
rd.​natur​eserve.​org/. Additional measures in development include Environmental Biodi-
versity Variables (EBVs) and large-scale satellite-based identification of plant species and 
traits, community composition, ecosystem structure and function as possible aids to man-
agement and mitigation (Pennisi 2021). In contrast, few indicators and indices are avail-
able for the deep sea. Some of the 600 marine biodiversity indicators cataloged by Teixeira 
et al. (2016) for use in implementing the Marine Strategy Framework Directive (MSFD) 
in European waters could be used as models for deep-sea indicators. Although none focus 
on the CCZ region, lessons from the MSFD process can be useful for creating Integrated 
Environmental Assessment frameworks for deep-sea areas (Orejas et al. (2020).

Similarly, ecosystem services provided by deep-sea ecosystems have been less studied 
and are harder to identify, understand and evaluate than those on land (Armstrong et al. 
2012; Thurber et al. 2014; Le et al. 2017). There are some indications that DSM has less 
impact on ecosystem services than terrestrial mining (Koschinsky et al. 2018). For exam-
ple, the CCZ seafloor currently provides no immediate Provisioning Services, mainly 
because it is so isolated from human communities and activities by depth and geography, 
but future supply of metals or genetic resources for medical or commercial use would qual-
ify as such. Regulating (climate regulation, carbon sequestration) and Supporting (habi-
tat, nutrient cycling, chemoautotrophic primary production) Services are provided by the 
CCZ’s seafloor, although its great depth, geographic distance from human populations and 
the slow tempo of deep currents cause delivery to be slower than in terrestrial or coastal 
systems.

Indicators and appropriate metrics are essential for the ISA to fulfill its required respon-
sibility to detect and prevent “serious harm to the marine environment,” defined as “any 

https://www.bipindicators.net
https://bipdashboard.natureserve.org/
https://bipdashboard.natureserve.org/
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effect from activities in the Area on the marine environment which represents a significant 
adverse change in the marine environment determined according to the rules, regulations 
and procedures adopted by the Authority on the basis of internationally recognized stand-
ards and practices” (I.3.f, ISA 2013). Levin et al. (2016) suggest measures of biodiversity, 

Fig. 2   Inconsistent size class definitions for animals on the abyssal seafloor vs. in terrestrial or coastal 
habitats. Complete photo credits available in Supplementary Information. Abridged photo credits: Seafloor 
Megafauna: Photos 1,3,4,5. Courtesy D.O.B. Jones, National Oceanographic Center, Southampton, UK. 
Photo 2. Courtesy CD Smith, J. Durdon, IFREMER. Seafloor Macrofauna: Photos 1,2,4,5,6. Courtesy A. 
Glover, UK Seabed Resources Baseline Survey. Photo 3. The Metals Company. Seafloor Meiofauna: Domi-
nant meiofauna groups from CCZ. Left: tardigrade, kinorhynch and harpacticoid copepod. Middle and 
right: six different nematode species. Copyright: Gilles Martin/French Institute for Ocean Science (IFRE-
MER). Seafloor Microfauna: Drawings of abyssal microfauna (amoeba, sporozoan trophozoite, suctorian 
ciliate, wormlike metazoan, cyclopoid copepod nauplius) in deep waters offshore from California. Figure 1 
from Burnett (1973), https://​doi.​org/​10.​1016/​0011-​7471(73)​90065-X, courtesy Elsevier. Terrestrial Mega-
fauna: Photo 1. Snow leopard. Stock photo. Photo 2. Sumatran rhinoceros. Rahmadi Rahmad/Mongabay 
Indonesia. Photo 3. Bengal tiger Aditya Singh/Getty. Photo 4. Orangutans, Sumatra. Stock photo. Terres-
trial Macrofauna: Photo 1. Glass frog, Nymphargus balionotus, Ecuador. Photo: Jaime Culebros/Photo 
Wildlife Tours. Photos 2–6. iStock photo. Terrestrial Meiofauna (Mesofauna): Soil mesofauna from soil 
and leaf litter. Andy Murray, A Chaos of Delight, https://​www.​chaos​ofdel​ight.​org/​overv​iew. Terrestrial 
Microfauna: Photo 1. Ciliate. Photo 2. Rotifer (iStock). Photo 3. Mite. Photo 4. Nematode, courtesy Soil 
and Water Conservation Society. Photo 5. Tardigrade Photo 6. Amoeba (Photos 1, 2, 3, 5, 6 from European 
Commission (2016)

https://doi.org/10.1016/0011-7471(73)90065-X
https://www.chaosofdelight.org/overview
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abundance, habitat quality, population connectivity, heterogeneity levels, and community 
productivity as ways to determine whether important ecosystem properties exceed nor-
mal ranges of variability. They also suggest extinction, significant decline in abundance, 
decline in foundation species, reduction below critical reproductive density, loss of source 
populations and/or loss of critical stepping-stone populations as useful markers of serious 
harm at the species level, changes of key trophic linkages among species, reduction in spe-
cies diversity beyond natural levels of variability, and/or regional declines in habitat heter-
ogeneity (e.g., loss of entire habitats or community types) as indicators of serious harm at 
the community level; and impairment of key ecosystem functions or services (e.g., biomass 
production, nutrient recycling or carbon burial, fisheries) as indicators of serious harm at 
the ecosystem level. Tilot et al. (2018) mention the possible use of Indices for Environmen-
tal Sensitivity or Vulnerability to identify areas or habitats with highest needs for protec-
tion, as well as the development of Management Alert systems to help managers know if or 
when DSM activities created unacceptable stress.

Until agreed-upon indicators and thresholds of “serious harm” are created, DSM cannot 
easily be monitored and managed in ways comparable to what is possible on land. Unfortu-
nately, as Levin et al. (2016) note and Christiansen et al. 2022) indicate, years to decades of 
data may be needed to extract trends in metrics such as they propose from naturally occur-
ring variability.

Casual declarations of ‘high’ biodiversity

‘High biodiversity’ and similar casual descriptors are frequently used without explicit com-
parison to a scale of reference, causing confusion or misinterpretation. For example, the 
abyssal seafloor (Paulus 2021), seamounts (Morato et al. 2010; Watling and Auster 2017) 
and hydrothermal vents of the eastern tropical Pacific (Mullineaux et al. 2018) have all at 
times been labeled as having ‘high’ or ‘rich’ biodiversity despite significant differences. 
The abyssal seabed has intermediate numbers of species with relatively few individuals 
each; seamounts vary significantly with geography, oceanography and depth (McClain 
2007; Clark and Bowden 2015) but typically host more species with many individuals each 
and may also act as pelagic biodiversity “hotspots” for marine predators (Morato et  al. 
2010); and vent systems host relatively fewer species with many individuals of each per unit 
area. The abyssal seabed exists in a relatively constant ambient environment; seamounts are 
relatively stable structurally, but create increase local current flow rate, upwelling and food 
transport to resident suspension feeders and others; while vent communities are ephemeral 
owing to variations in the flow of geothermally heated fluids caused by the volcanism, mid-
ocean spreading or subduction that creates them (Van Dover 2014; Mullineaux et al. 2018). 
Casually describing biodiversity at all three sites as ‘high’ or ‘rich’ can be confusing, and 
it obscures their unique characteristics and differences. At finer scale, the biodiversity of 
abyssal plains has been described as “high” (Ramirez-Llodra et  al. 2011), “distinctive” 
(Miller et  al. 2018), “rivaling rainforests” (Dybas 1996), rich enough “to even out-com-
pete the most blooming and dense rainforests on land” (Myhre 2021) and “beyond those 
of coral reefs and rainforests” (Hallgren and Hansson 2021). Certainly, deep-sea inhabit-
ants are remarkable in having adapted to extreme conditions of intense hydrostatic pres-
sure, low food availability, low temperature (though high at thermal vents), and perpetual 
darkness punctuated only by bioluminescent flashes. Their adaptations have included slow 
metabolic growth, slow maturation, low reproductive potential, low rates of colonization, 
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and in some cases greater longevity (Tilot et al. 2018). Beyond the abyssal plains’ vastness 
and antiquity, scientists are still trying to understand the reasons for the biodiversity that 
exists there (Snelgrove and Smith 2002; McClain and Schlacher 2015; Dixon 2019).

However, among the descriptors mentioned above, only ‘distinctive’ is appropriate. 
‘High’ is ambiguous and lacks a reference point. ‘Rivaling’ or ‘outcompeting’ rainforests 
is misleading, considering the abundance and diversity of life at the abyssal seabed are not 
quantitatively high when compared to a sampling of tropical rainforests (Fig. 3). Megafau-
nal (i.e., > 1 or 2 cm) species richness on the CCZ seafloor was recently reported to be 100 
species for a 90,000-hectare study area (Smith et al. 2020). We found no directly compara-
ble species richness data for organisms > 1 or 2 cm in tropical rainforests, but an Amazo-
nian tropical rainforest in French Guiana contained 240 bird species per 100 ha (Thiollay 
1994), and the 6000 ha rainforest on Barro Colorado Island, Panama contained 306 bird 
species and 81 mammal species (Basset et al. 2012)—three-fold more species than found 
in 90,000 hectares of CCZ abyssal seafloor, without even counting its fish, amphibians, 
reptiles, invertebrates or 1294 species of trees. A single hectare of Barro Colorado Island 
rainforest was estimated to contain an average of 18,439 species overall (Fig. 2b, Basset 
et al. 2012).8 While species richness in both the CCZ and tropical forests remains incom-
pletely known (e.g., Moura and Jetz 2021), qualitative judgments can be made with exist-
ing information alongside knowledge about driving factors that typically promote specia-
tion: physical diversity, primary productivity and geographic barriers to reproduction. The 
CCZ’s physical remoteness, low primary productivity, and low physical diversity support 
the conclusion that species richness in the CCZ abyssal seafloor (and likely its overlying 
water column) is not ‘high’ or ‘rivaling’ rainforests.

Van Dover’s (2014) summary description of biodiversity at hydrothermal vents exem-
plifies the type of clarity and context most useful to a reader: Diversity (species richness) 
at deep-sea hydrothermal vents is relatively low, on a par with that observed in temperate 
and boreal rocky intertidal systems… with numerical dominance (thousands of individu-
als per m3) by a small number of species (< 10) and with a large percentage (25%) of rare 
taxa (occurring as singletons or doubletons) in suites of replicate quantitative samples… 
Increased use of precision and contextual definitions in this manner, rather than imprecise 
use of casual descriptors, can aid in producing clearer discourse and preventing misleading 
terms from being propagated.

Discussion

Many frustrations were unearthed during our investigation of ‘Biodiversity’ measurement 
and comparison. At the highest level, we found ‘Biodiversity’ used variously. To the lay 
public, it signifies ‘richness of life,’ but lacks precision or consistency. To scientists, it 
connotes more specific mathematical descriptions of biotic richness, but confusion often 

8  The species richness of trees in other tropical forests suggests a similar conclusion. Values range from 68 
to 1171 species per 50 hectares in six study areas in India, Panama, Thailand and Malaysia (Proctor et al. 
1983); 89 to 228 species per hectare for eight study areas in Indonesia, Philippines, Australia and Malaysia 
(Gradstein et al. 2007); and 140 species per 0.1 ha in Australia (Rice and Westoby 1983). Kirmse and Cha-
boo (2020) reported that an average of 26.35 unique species visited each flowering Neotropical tree species 
sampled in a 1.4  ha canopy plot of pristine lowland tropical rainforest in southern Venezuela, implying 
421,600 beetle species in the estimated 16,000 tree species of the Amazonian rainforest.
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results from unresolved methodological and taxonomic differences among investigations, 
as highlighted by our attempt to compare terrestrial and deep-sea biodiversity in such dif-
ferent habitats and realms. Furthermore, differential investment in genetic- and morphol-
ogy-based taxonomy and siloing of resulting information have hindered progress, leading 
to calls for a more integrative taxonomy (Boero 2010). Matters are further complicated 
by differences in ecosystem services provided by species on land and in the deep sea, as 
well as their geographic closeness and temporal rate of delivery. Lastly, differences in the 
intangible (and intrinsic) values recognized for species in those habitats, as well as for the 
ecosystems themselves, are problematic and profound.

All of this even assumes that the required data is at least available. But biodiversity 
and related ecosystem services, especially in the deep sea, are still under-characterized 
and poorly understood. The newly found abyssal species mentioned previously, along with 
expert comments such as “…the [CCZ] is likely home to more than 1,000 species, 90 per-
cent of which may be new to science” (Craig Smith quoted in Dasgupta 2016), suggest that 
a high proportion of CCZ seafloor species will be new. Even in terrestrial habitats, a large 
proportion of new species is still expected, with hundreds of new species being described 
every year (California Academy of Sciences 2021; Davis 2021). How can one compare the 
values of two large but still generally unknown assemblages?

Even once direct numerical comparisons of biodiversity indices are obtained from these 
different realms, it is unclear what can be done. Biodiversity comparisons may be quite val-
uable in examining changes over time in a particular study area or in ecologically similar 
areas, and to help direct management attention, but their utility decreases with increasing 
ecological distance between compared communities. Not only do methodological hetero-
geneities confound direct biodiversity index comparison, but value attribution challenges 
make any tradeoff or prioritization questions very difficult to answer. Implicit in deciding 
whether to collect CCZ nodules is a choice between harming different species and their 
habitats; and implicit in this choice is a value judgment between them. Many contextual 
factors may deserve consideration, including the degree of endemism or endangerment, 
noteworthy morphological or physiological traits, relative value for scientific study, provi-
sion or support of ecosystem services, and traditional, aesthetic, spiritual or cultural values.

The indeterminacy of these value judgments leads to some difficult questions, such as: 
How do risks of CCZ nodule collection to CCZ seafloor populations (e.g., nematodes, 
sponges, polychaete worms, sea anemones, nudibranchs and fish, including species that 
may be undescribed, rare or endemic) compare to risks faced by better-known terrestrial 
species due to land mining (e.g., the Critically Endangered Bushy-tailed Cloud Rat (Hance 
2012) and Vulnerable Dinagat-Caraga Tarsier (Brown et al. 2014) threatened by nickel lat-
erite mining on Dinagat Island, Philippines)? Or, how might one compare the importance 
of preserving newly-discovered species of xenophyophores (Amon et  al. 2016; Gooday 
et  al. 2020), abyssal sponges (Amon et  al. 2016; Lim et  al. 2017), corals (Amon et  al. 
2016), isopods (Rieh T and  De Smet 2020),  ophiuroids (Christodoulou et  al. 2020) and 
others on the CCZ seafloor, with saving two newly described species of manganese-accu-
mulating plants in the Euphorbia family, Weda fragaroides Welzen and W. lutea Welzen, 
found at the site of a potential nickel mine on Halmahera Island (North Moluccas), Indone-
sia (van Welzen et al. 2020)?

Implicit in these questions is a challenge to make system-level value judgments amidst 
incomplete information and unknown unknowns. Even with decades of more data, com-
plete answers to the above questions may not be available. Not only do they require under-
standing the direct and indirect consequences of biodiversity loss within a very complex set 
of ecological systems—a tall order—but they also require that an aggregate societal value 
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judgment be made. How does a society come to such a collective value agreement? One 
answer may be to seek a balance of minimal anthropocentric impacts, with preservation of 
all biodiversity equally due to intrinsic value, as Gómez and Nichols (2013) might espouse.

Given the subtleties discussed above, a mathematical formula alone clearly cannot be 
a sole guide toward the world we want (and need) to see. Evaluating contextual factors, 
like the absence of an entire kingdom (Plantae) and two vertebrate classes (Amphibia and 
Aves) from deep-sea measures, or the absence of marine phyla from land measures, is per-
plexing. Furthermore, the relative values of species represented in a biodiversity index are 
not stated, and they may also change with time and circumstances. Crises of climate, water 
and biodiversity may increase values attributed to plants as public awareness grows for 
their ecological roles in carbon, water, oxygen and soil cycles, and the role of kin recogni-
tion and other aspects of sociality in their lives (Anten and Chen 2021; Simard 2021). Bio-
diversity comparisons will also need to weigh the values of invertebrate (Chen 2021) vs. 
vertebrate (Severtsov 2013) animals.

An alternative may be to supplement existing quantitative measures with qualitative 
inputs of values and needs, both human and non-human, current and future. Feest et al.’s 
(2009) list of quantitative indicators could be extended to include the system’s contribution 

Fig. 3   Comparison of species richness in CCZ and a variety of tropical rainforests. Sizes of sampled area 
(hectares) are stated numerically and shown graphically as scaled black rectangles if ≥ 1 ha. Numbers of 
species in sampled areas are stated and shown graphically as scaled circles—light blue for animals, dark 
blue for plants. Data sources, indicated as superscripts adjacent to species numbers, are: 1Smith et  al. 
(2020); 2Thiollay (1994); 3Plotkin et  al. (2000); 4Figure  3 in Gradstein et  al. (2007), references cited 
therein; 5Paoletti et al. (2018); 6Basset et al. (2012)
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to tangible and intangible ecosystem services, contextual factors such as its geographic 
location, the scale and degree of impending systemic threats, and relevant moral and ethi-
cal considerations (e.g., harm to sentient species), among others. By providing a richer 
understanding of the system’s gestalt and comparative value, biodiversity loss impacts 
might be better compared.

Conclusion

The potential development of DSM has raised concerns about possible effects on deep-sea 
biodiversity, as well as on broader oceanic or atmospheric functions. At the same time, 
there is growing concern about critical biodiversity decline on land (Bradshaw et al. 2021), 
in soil (Tibbett et al. 2020; FAO et al. 2020), in fresh water (Tickner et al. 2020) and at sea 
(O’Hara et al. 2021), along with worldwide concern about climate change and the serious-
ness of its projected impacts on nature and people (Hoegh-Guldberg et  al. 2019). Land-
use conversion and its cumulative impacts on habitats, climate and water, among others, 
threatens the extinction by 2070 of 1700 amphibians, birds and mammals out of 19,400 
species examined (Powers and Jetz 2019).9 Some of these terrestrial-mining impacts could 
be relieved by sourcing minerals from the abyssal ocean, in effect trading loss of abyssal 
biodiversity for maintenance of terrestrial biodiversity.

Therefore, challenging as it may be to execute, comparing the biodiversity in these two 
realms seems necessary. Whether one community’s biodiversity is higher or lower than 
another’s should not alone drive a decision about resource exploitation, but it is one of 
many factors to consider. In comparing the biodiversity of such ecologically distant realms, 
consideration not only of species richness or other numerical diversity descriptors, but also 
of value-based information—including tangible and intangible impact, social and ecologi-
cal value, ecosystem services and other cultural information—could enable more satisfac-
tory decisions to be made.

From a biological perspective, valuing systems only on the basis of their measured bio-
diversity makes little sense; ecosystems with lower species richness are no ‘worse’ than 
those with higher richness. All play the biophysical hand they were dealt in the best way 
they can, as biodiversity coevolves with its ecosystem: the existence of patterns in biodi-
versity related to latitude, altitude, depth, geographic distance from continents, seasonality, 
freshwater availability and other gradients suggests that each ecosystem does what it can to 
thrive. Nevertheless, from an anthropocentric perspective, high-biodiversity systems often 
command increased attention, both for their generally higher variety and for their poten-
tially more diverse flow of ecosystem services, tangible and intangible.

Comparisons of biodiversity data could be greatly improved by increased global 
standardization of sampling protocols, including screen sizes, sampling depths and 
quadrat sizes when possible. Standardization of size-class definitions and nomenclature 
could then improve interpretation and communication of results. Such changes, plus 
dissemination of a clearer definition of biodiversity and its implications—one that is 
both acceptable to scientists and understandable by the lay public—would enable higher 

9  This could be an underestimate, since global land use change between 1960 and 2019 affected 32% of 
global land area, four times greater than previously estimated (Winkler et al. 2021).
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quality, more inclusive discussions of biodiversity-related issues, and more informed 
decisions for environmental management and conservation.

As sampling protocols and analytical techniques become standardized, so too would 
it be desirable for environmental impact assessment processes to consistently incorpo-
rate a high bar of biodiversity baselining (and impact mitigation planning). For the CCZ, 
the ISA plays that central role, but on land, biodiversity-related indices and metrics, per 
se, have not usually factored into the permitting of mines. Similar functions are poten-
tially fulfilled, to some extent, by avoidance of sensitive areas previously designated as 
protected areas, parks, World Heritage Sites, Key Biodiversity Areas, Biodiversity Hot-
spots (Myers et al. 2000) or others; and some measurement, reporting and verification 
programs being developed to monitor progress toward climate mitigation as part of the 
United Nations Framework Convention on Climate Change may fulfill some functions 
of a Management Alert system for carbon. However, terrestrial mining companies’ pro-
gress on the disclosure of impacts on biodiversity, land, water and other areas of natural 
capital lag by comparison (Bradley 2020).

By calling attention to shortcomings in the standards for sampling and size class 
nomenclature as well as ambiguities in discussion and comparison of biodiversity 
results, we intend no disrespect to the scientists and organizations that have assembled 
the impressive and growing body of information that exists today. We credit these short-
comings to the manner in which biodiversity study organically evolved: inside the silos 
that exist within academia, the amateur and professional scientific establishment, the 
conservation community and government agencies.

Indeed, we applaud the remarkable progress that has been achieved in chronicling 
the ever-more remarkable and complex story of life on Earth. We present the above 
concerns in hopes that improved standardization and greater collaboration across dis-
ciplines, geographies and taxonomic disciplines, both morphological and biomolecular, 
will steadily minimize them. Doing so can improve the quality of information contrib-
uted to, e.g., the Global Biodiversity Information Facility, whose Biodiversity Informa-
tion Standards Working Group develops rules and conventions for describing, recording, 
structuring and sharing datasets containing hundreds of millions of species occurrence 
records, from every habitat, contributed by hundreds of institutions worldwide. Thus 
all stakeholders invested in describing and conserving Earth’s biodiversity will benefit 
from more accurate and comparable data. Equally important is forming effective poli-
cies that address biodiversity, climate and human society as coupled systems (Pörtner 
et  al. 2021), including the challenge of how to best meet future metal demands. This 
would be significantly aided by the development of a more holistic, contextual and 
nuanced appreciation of ‘Biodiversity’, the benefits it provides, but also the constraints 
on its measurement and interpretation.

Acknowledgements  The authors thank editors James T. Lee and Roberto Cazzolla Gotti and two anony-
mous reviewers for critique and suggestions that substantially improved this manuscript. We thank David 
Gwyther, Corey McLachlan, Bruce Robison, Laura Sonter and Samantha Smith for helpful comments dur-
ing draft development. Figures were produced by graphic designer Tatiana Temple. For assistance with pho-
tographs we thank Annie Binder, Soil and Water Conservation Society, Arkeny, Iowa (https://​www.​swcs.​
org); Dr. Meriç Çakir, Çankiri Karatekin University, Turkey; Jaime Culebros/Photo Wildlife Tours (https://​
www.​photo​wildl​ifeto​urs.​com); Dr. Adrian Glover, UK Seabed Resources Baseline Survey, Natural History 
Museum, London; Institut Français de Recherche pou’ l’Exploitation de la Mer (IFREMER), Brest, France 
(https://​wwz.​ifrem​er.​fr); Dr. Daniel Jones, National Oceanography Centre, Southampton, England; Andy 
Murray (https://​www.​chaos​ofdel​ight.​com); Dr. Craig Smith, University of Hawaii at Manoa. We regret that 
we could not use all the photos you offered.

https://www.swcs.org
https://www.swcs.org
https://www.photowildlifetours.com
https://www.photowildlifetours.com
https://wwz.ifremer.fr
https://www.chaosofdelight.com


1151Biodiversity and Conservation (2023) 32:1125–1164	

1 3

Author contributions  Conception: SK, DP, EI, GS. Primary writing: SK, DP. Review and revisions: all 
authors. All authors reviewed numerous drafts and made intellectually significant contributions and edits. 
TEL died on December 25, 2021; on April 12, 2022, we received via email his daughters’ written permis-
sion to publish this paper.

Funding  Writing of this paper was primarily supported by The Metals Company (TMC) through per diem 
funding to independent consultants SK and DP.

Data availability  All data presented were obtained or derived from reviewing publicly available literature 
cited in the text and listed in References.

Declarations 

Competing interest  MC, EI, GS are employees and shareholders of TMC. DP is a shareholder of TMC. SK 
holds 2,906 shares of TMC purchased on December 5, 2023 @ 0.858 USD, total investment 2,493 USD. SK 
and LP are members of TMC’s Scientific Advisory Committee. SA and LP declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aanen DK, Eggleton P, Rouland-Lefèvre C, Guldberg-Frøslev T, Rosendahl S, Boomsma JJ (2002) The 
evolution of fungus-growing termites and their mutualistic fungal symbionts. Proc Natl Assoc Sci 
99(23):14887–14892. https://​doi.​org/​10.​1073/​pnas.​22231​3099

Aborigen Forum (2020) An appeal of Aborigen-Forum network to Elon Musk, the head of the Tesla com-
pany. https://​indig​enous-​russia.​com/​archi​ves/​5785. Accessed 16 Aug 2022.

Adam P, Borrel G, Brochier-Armanet C, Gribaldo S (2017) The growing tree of Archaea: new perspectives 
on their diversity, evolution and ecology. ISME J 11:2407–2425. https://​doi.​org/​10.​1038/​ismej.​2017.​
122

Agboola O, Babatunde DE, Fayomi OSI, Sadiku ER, Popoola P, Moropeng L, Yahaya A, Mamudu OA 
(2020) A review on the impact of mining operation: monitoring, assessment and management. Results 
Eng. https://​doi.​org/​10.​1016/j.​rineng.​2020.​100181

Albert C, Luque GM, Courchamp F (2018) The twenty most charismatic species. PLoS ONE 
13(7):e0199149. https://​doi.​org/​10.​1371/​journ​al.​pone.​01991​49

Alexander I, Andres M, Braithwaite C, Braga J, Cooper MJ, Davies PJ, Elderfield H, Gilmour M, Kay RLF, 
Kroon D, McKenzie JA, Montaggioni L, SkinnerA TR, Vasconcelos C, Webster J, Wilson PA (2001) 
New constraints on the origin of the Australian Great Barrier Reef: Results from an international 
project of deep coring. Geology 29:483–486. https://​doi.​org/​10.​1130/​0091-​7613(2001)​029%​3c0483:​
NCOTOO%​3e2.0.​CO;2

Ali S, Katima J (2020) Technology critical elements and their relevance to the global environment facility. 
A STAP Background Document. Scientific and Technical Advisory Panel to the Global Environment 
Facility. Washington, DC. https://​stapg​ef.​org/​sites/​defau​lt/​files/​2021-​02/​TCEs%​20and%​20the​ir%​
20Rel​evance%​20to%​20the%​20GEF_​web.​pdf

Alvarenga RAF, Préat N, Duhayon C, Dewulf J (2022) Prospective life cycle assessment of metal commodi-
ties obtained from deep-sea polymetallic nodules. J Clean Prod 330:129884. https://​doi.​org/​10.​1016/j.​
jclep​ro.​2021.​129884

Amon D, Ziegler A, Dahlgren T, Glovert AG, Goineau A, Gooday AJ, Wiklund H, Smith CR (2016) 
Insights into the abundance and diversity of abyssal megafauna in a polymetallic-nodule region in the 
eastern Clarion-Clipperton Zone. Sci Rep 6:30492. https://​doi.​org/​10.​1038/​srep3​0492

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.222313099
https://indigenous-russia.com/archives/5785
https://doi.org/10.1038/ismej.2017.122
https://doi.org/10.1038/ismej.2017.122
https://doi.org/10.1016/j.rineng.2020.100181
https://doi.org/10.1371/journal.pone.0199149
https://doi.org/10.1130/0091-7613(2001)029%3c0483:NCOTOO%3e2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029%3c0483:NCOTOO%3e2.0.CO;2
https://stapgef.org/sites/default/files/2021-02/TCEs%20and%20their%20Relevance%20to%20the%20GEF_web.pdf
https://stapgef.org/sites/default/files/2021-02/TCEs%20and%20their%20Relevance%20to%20the%20GEF_web.pdf
https://doi.org/10.1016/j.jclepro.2021.129884
https://doi.org/10.1016/j.jclepro.2021.129884
https://doi.org/10.1038/srep30492


1152	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Anten NPR, Chen BJW (2021) Detect thy family: mechanisms, ecology and agricultural aspects of kin rec-
ognition in plants. Plant Cell Environ 44(4):1059–1071. https://​doi.​org/​10.​1111/​pce.​14011

Appeltans W, Ahyong ST, Anderson G, Angel MV, Artois T, Bailly N, Bamber R, Barber A, Bartsch I, 
Berta A, Błazewicz-Paszkowycz M, Bock P, Boxshall G, Boyko CB, Brandão SN, Bray RA, Bruce 
NL, Cairns SD, Chan T-Y, Cheng L et al (2012) The magnitude of global marine species diversity. 
Curr Biol 22:2190–2202. https://​doi.​org/​10.​1016/j.​cub.​2012.​09.​036

Ardron JA, Simon-Lledo E, Jones DOB, Ruhl H (2019) Detecting the effects of deep-seabed nodule mining: 
simulations using megafaunal data from the Clarion-Clipperton Zone. Front Mar Sci. https://​doi.​org/​
10.​3389/​fmars.​2019.​00604

Arifeen MZ, Ma YN, Xuem Y-R, Liu C-H (2020) Deep-sea fungi could be the new arsenal for bioactive 
molecules. Mar Drugs 18:9. https://​doi.​org/​10.​3390/​md180​10009

Armstrong CW, Foley NS, Tinch R, van den Hove S (2012) Services from the deep: Steps towards valu-
ation of deep sea goods and services. Ecosyst Serv 2:2–13. https://​doi.​org/​10.​1016/j.​ecoser.​2012.​
07.​001

Ashford OS, Davies AJ, Jones DOB (2014) Deep-sea benthic megafaunal habitat suitability modelling: 
a global-scale maximum entropy model for xenophyophores. Deep Sea Research Part I. Oceanogr 
Res Pap 94:31–44. https://​doi.​org/​10.​1016/j.​dsr.​2014.​07.​012

Askary TH, Abd-Elgawad M (2017) Beneficial nematodes in agroecosystems: a global perspective. In: 
Abd-Elgawad MMM, Askary TH, Coupland J (eds) Chapter  1 Biocontrol agents: entomopatho-
genic and slug parasitic nematodes. CAB International, pp 3–25. https://​www.​resea​rchga​te.​net/​
publi​cation/​31926​1010_​Benef​icial_​Nemat​odes_​in_​Agroe​cosys​tems_A_​Global_​Persp​ective

Assis K, Fragkopoulou E, Frade D, Neiva J, Oliveira A, Abecasis D, Faugeron S, Serrão EA (2020) 
A fine-tuned global distribution dataset of marine forests. Sci Data. https://​doi.​org/​10.​1038/​
s41597-​020-​0459-x

Bainton N (2020) Mining and indigenous peoples. Oxford Res Encycl. https://​doi.​org/​10.​1093/​acref​ore/​
97801​90854​584.​013.​121

Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL, Takahashi S, Tatem AJ, 
Wagner CE, Wang L-F, Weolowski A, Metcalf CJE (2021) Infectious disease in an era of global 
change. Nat Rev Microbiol. https://​doi.​org/​10.​1038/​s41579-​021-​00639-z

Bar-On YM, Phillips R, Milo R (2018) The biomass distribution on Earth. Proc Natl Acad Sci USA 
115(25):6506–6511. https://​doi.​org/​10.​1073/​pnas.​17118​42115

Barua M, Gurdak DJ, Ahmed RA, Tamuly J (2012) Selecting flagships for invertebrate conservation. 
Biodivers Conserv 21:1457–1476. https://​doi.​org/​10.​1007/​s10531-​012-​0257-7

Barčák D, Fan CK, Sonko P, Kuchta R, Scholz T, Orosová M, Chen H-W, Oros M (2021) Hidden diver-
sity of the most basal tapeworms (Cestoda, Gyrocotylidea), the enigmatic parasites of holoceph-
alans (Chimaeriformes). Sci Rep 11:5492. https://​doi.​org/​10.​1038/​s41598-​021-​84613-y

Basset Y, Cizek L, Cuénoud P, Didham RK, Guilhaumon F, Missa O, Novotny V, Ødegaard F, Roslin T, 
Schmidl J, Tishechkin AK, Winchester NN, Roubik DW, Aberlenc H-P, Bail J, Barrios H, Bridle 
JR, Castaño-Meneses G, Corbara B et al (2012) Arthropod diversity in a tropical forest. Science 
338(6113):1481–1484. https://​doi.​org/​10.​1126/​scien​ce.​12267​27

Bayliss SC, Verner-Jeffreys DW, Bartie KL, Aanensen DM, Sheppard SK, Adams A, Feil EJ (2017) The 
promise of whole genome pathogen sequencing for the molecular epidemiology of emerging aqua-
culture pathogens. Front Microbiol 8:121. https://​doi.​org/​10.​3389/​fmicb.​2017.​00121

BBC (2013) Mining firm desecrated Australia Aboriginal site. https://​www.​bbc.​com/​news/​world-​asia-​
23527​303

Beolchini F, Becci A, Barone G, Amato A, Hekeu M, Danovaro D, Dell’Anno A (2020) High fungal-
mediated leaching efficiency of valuable metals from deep-sea polymetallic nodules. Environ 
Technol Innov 20: 101037. https://​doi.​org/​10.​1016/j.​eti.​2020.​101037

Bernard GC, Egnin M, Bonsi C (2017) The impact of plant-parasitic nematodes on agriculture and 
methods of control. In: Shah MM, Mahamood M (eds) Chap. 7 nematology—concepts, diagnosis 
and control. doi: https://​doi.​org/​10.​5772/​intec​hopen.​68958

Berti E, Monsarrat S, Munk M, Jarvie S, Svenning J-C (2020) Body size is a good proxy for vertebrate 
charisma. Biol Conserv 251:108790. https://​doi.​org/​10.​1016/j.​biocon.​2020.​108790

Bevilacqua S, Ugland KI, Plicanti A, Scuderi D, Terlizzi A (2018) An approach based on the total-
species accumulation curve and higher taxon richness to estimate realistic upper limits in regional 
species richness. Ecol Evol 8(1):405–415. https://​doi.​org/​10.​1002/​ece3.​3570

Bienhold C, Zinger L, Boetius A, Ramette A (2016) Diversity and biogeography of bathyal and abyssal 
seafloor bacteria. PLoS ONE 11(1):e0148016. https://​doi.​org/​10.​1371/​journ​al.​pone.​01480​16

Biodiversity Indicators Partnership (2010) Biodiversity indicators and the 2010 Target: Experiences and 
lessons learnt from the 2010 Biodiversity Indicators Partnership. Secretariat of the Convention on 

https://doi.org/10.1111/pce.14011
https://doi.org/10.1016/j.cub.2012.09.036
https://doi.org/10.3389/fmars.2019.00604
https://doi.org/10.3389/fmars.2019.00604
https://doi.org/10.3390/md18010009
https://doi.org/10.1016/j.ecoser.2012.07.001
https://doi.org/10.1016/j.ecoser.2012.07.001
https://doi.org/10.1016/j.dsr.2014.07.012
https://www.researchgate.net/publication/319261010_Beneficial_Nematodes_in_Agroecosystems_A_Global_Perspective
https://www.researchgate.net/publication/319261010_Beneficial_Nematodes_in_Agroecosystems_A_Global_Perspective
https://doi.org/10.1038/s41597-020-0459-x
https://doi.org/10.1038/s41597-020-0459-x
https://doi.org/10.1093/acrefore/9780190854584.013.121
https://doi.org/10.1093/acrefore/9780190854584.013.121
https://doi.org/10.1038/s41579-021-00639-z
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1007/s10531-012-0257-7
https://doi.org/10.1038/s41598-021-84613-y
https://doi.org/10.1126/science.1226727
https://doi.org/10.3389/fmicb.2017.00121
https://www.bbc.com/news/world-asia-23527303
https://www.bbc.com/news/world-asia-23527303
https://doi.org/10.1016/j.eti.2020.101037
https://doi.org/10.5772/intechopen.68958
https://doi.org/10.1016/j.biocon.2020.108790
https://doi.org/10.1002/ece3.3570
https://doi.org/10.1371/journal.pone.0148016


1153Biodiversity and Conservation (2023) 32:1125–1164	

1 3

Biological Diversity, Montréal, Canada. Technical Series No. 53, 196 pages. https://​www.​cbd.​int/​
doc/​publi​catio​ns/​cbd-​ts-​53-​en.​pdf. Also see the list of Aichi biodiversity targets at: https://​www.​
cbd.​int/​sp/​targe​ts/

Biodiversity Indicators Partnership (2011) Guidance for national biodiversity indicator development and 
use. UNEP World Conservation Monitoring Centre, Cambridge, UK. 40ppUndated. https://​www.​
bipin​dicat​ors.​net/​natio​nal-​indic​ator-​devel​opment

Blackwell M (2011) The Fungi: 1, 2, 3 ... 5.1 million species? American Journal of Botany 98(3): 426–
438. https://​doi.​org/​10.​3732/​ajb.​10002​98

Boer L, Pescatori A, Stuermer M (2021) Energy Transition Metals. IMF Working Paper No. 2021/243. 
WPIEA2021243. International Monetary Fund. https://​www.​imf.​org/​en/​Publi​catio​ns/​WP/​Issues/​
2021/​10/​12/​Energy-​Trans​ition-​Metals-​465899. Accessed 12 Oct 2021

Boero F (2010) The study of species in the era of biodiversity: A tale of stupidity. Diversity 2(1):115–
126. https://​doi.​org/​10.​3390/​d2010​115

Bongaerts P, Cooke IR, Ying H, Wels D, den Haan S, Hernandez-Agreda A, Brunner CA, Dove S, Engle-
bert N, Eyal G, Forêt S, Grinblat M, Hay KB, Harii S, Hayward DC, Lin Y, Mihaljevic M, Moya A, 
Muir P, Sinn I et al (2021) Morphological stasis masks ecologically divergent coral species on tropi-
cal reefs. Curr Biol. https://​doi.​org/​10.​1016/j.​cub.​2021.​03.​028

Boyd PW, Hutchins DA (2012) Understanding the responses of ocean biota to a complex matrix of cumula-
tive anthropogenic change. Mar Ecol Prog Ser 470:125–135. https://​doi.​org/​10.​3354/​meps1​0121

Bradley S (2020) Mining’s Impacts on Forests: Aligning Policy and Finance for Climate and Biodiversity 
Goals. Energy, Environment and Resources Programme. Chatham House (UK Royal Institute of 
International Affairs). https://​www.​chath​amhou​se.​org/​sites/​defau​lt/​files/​2020-​10/​2020-​10-​14-​minin​
gs-​impac​ts-​fores​ts-​bradl​ey.​pdf

Bradshaw CJA, Ehrlich PR, Beattioe A, Ceballos G, Crist E, Diamond JK, Dirzo R, Ehrlich AH, Harte 
J, Harte ME, Pyke G, Raven PH, Ripple WJ, Saltré F, Turnbull C, Wackernagel M, Blumstein DT 
(2021) Underestimating the challenges of avoiding a ghastly future. Front Conserv Sci. https://​doi.​
org/​10.​3389/​fcosc.​2020.​615419

Briggs JC (1995) Species diversity: land and sea. In: Briggs JC (ed) Chap. 13 Developments in Paleontol-
ogy and Stratigraphy, vol. 14, pp. 371–389. Elsevier. https://​doi.​org/​10.​1016/​S0920-​5446(06)​80063-4

Brown RM, Weghorst JA, Olson KV, Duya MRM, Barley AJ, Duya MV, Shekelle M, Neri-Arboleda I, 
Esselstyn JA, Dominy NJ, Ong PS, Moritz GL, Luczon A, Diesmos MLL, Diesmos AC, Siler CD 
(2014) Conservation genetics of the Philippine Tarsier: cryptic genetic variation restructures conser-
vation priorities for an island archipelago primate. PLoS ONE 9(8):e104340. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01043​40

Burton M, Farchy J, Cang A (2022) LME Halts Nickel Trading After Unprecedented 250% Spike. Bloomb-
erg.com. https://​www.​bloom​berg.​com/​news/​artic​les/​2022-​03-​08/​lme-​suspe​nds-​nickel-​tradi​ng-​after-​
unpre​ceden​ted-​price-​spike. Accessed 16 Aug 2022.

California Academy of Sciences (2021) Academy scientists describe 70 new species in 2021. https://​www.​
calac​ademy.​org/​press/​relea​ses/​acade​my-​scien​tists-​descr​ibe-​70-​new-​speci​es-​in-​2021. Accessed 10 
Mar 2022

Caro T (2010) Conservation by Proxy: indicator, umbrella, keystone, flagship, and other surrogate species. 
Illustrated by Girling S. Island Press, Washington

CBD (2020) Draft. Indicators for the Post-2020a Global Biodiversity Framework. Information Document 
prepared for SBSTTA24 by UNEP-WCMC in collaboration with the Biodiversity Indicators Partner-
ship. United Nations Environment Program—World Conservation Monitoring Center. Notes by the 
Executive Secretary. https://​www.​cbd.​int/​sbstta/​sbstta-​24/​post2​020-​indic​ators-​en.​pdf

Chao AO, Shen TJ (2003) Nonparametric estimation of Shannon’s index of diversity when there are unseen 
species in sample. Environ Ecol Stat 10:420–443. https://​doi.​org/​10.​1023/A:​10260​96204​727

Cheek M, Nic Lughadha E, Kirk P, Lindon H, Carretero J, Looney B, Douglas B, Haelewaters D, Gaya E, 
Llewellyn T, Ainsworth T, Gafforov Y, Hyde K, Crous P, Hughes M, Walker BE, Forzza RC, Wong 
KM, Niskanen T (2020) New scientific discoveries: plants and fungi. Plants People Planet 2(5):371–
388. https://​doi.​org/​10.​1002/​ppp3.​10148

Chen EY-S (2021) Often overlooked: understanding and meeting the current challenges of marine inverte-
brate conservation. Front Mar Sci 8:1161. https://​doi.​org/​10.​3389/​fmars.​2021.​690704

Chin A, Hari (2020) Predicting the impacts of mining of deep sea polymetallic nodules in the Pacific Ocean: 
A review of scientific literature. Deep Sea Mining Campaign and Mining Watch Canada, 52 pages. 
May 2020. https://​www.​deeps​eamin​ingou​tofou​rdepth.​org/​wp-​conte​nt/​uploa​ds/​Nodule-​Mining-​in-​the-​
Pacif​ic-​Ocean-1.​pdf

Chin Y, Wallace J, Horner W (2022) Nickel market sent on wild ride by Russia-Ukraine war. Wall 
Street J. https://​www.​wsj.​com/​livec​overa​ge/​russia-​ukrai​ne-​latest-​news-​2022-​03-​08/​card/​

https://www.cbd.int/doc/publications/cbd-ts-53-en.pdf
https://www.cbd.int/doc/publications/cbd-ts-53-en.pdf
https://www.cbd.int/sp/targets/
https://www.cbd.int/sp/targets/
https://www.bipindicators.net/national-indicator-development
https://www.bipindicators.net/national-indicator-development
https://doi.org/10.3732/ajb.1000298
https://www.imf.org/en/Publications/WP/Issues/2021/10/12/Energy-Transition-Metals-465899
https://www.imf.org/en/Publications/WP/Issues/2021/10/12/Energy-Transition-Metals-465899
https://doi.org/10.3390/d2010115
https://doi.org/10.1016/j.cub.2021.03.028
https://doi.org/10.3354/meps10121
https://www.chathamhouse.org/sites/default/files/2020-10/2020-10-14-minings-impacts-forests-bradley.pdf
https://www.chathamhouse.org/sites/default/files/2020-10/2020-10-14-minings-impacts-forests-bradley.pdf
https://doi.org/10.3389/fcosc.2020.615419
https://doi.org/10.3389/fcosc.2020.615419
https://doi.org/10.1016/S0920-5446(06)80063-4
https://doi.org/10.1371/journal.pone.0104340
https://doi.org/10.1371/journal.pone.0104340
https://www.bloomberg.com/news/articles/2022-03-08/lme-suspends-nickel-trading-after-unprecedented-price-spike
https://www.bloomberg.com/news/articles/2022-03-08/lme-suspends-nickel-trading-after-unprecedented-price-spike
https://www.calacademy.org/press/releases/academy-scientists-describe-70-new-species-in-2021
https://www.calacademy.org/press/releases/academy-scientists-describe-70-new-species-in-2021
https://www.cbd.int/sbstta/sbstta-24/post2020-indicators-en.pdf
https://doi.org/10.1023/A:1026096204727
https://doi.org/10.1002/ppp3.10148
https://doi.org/10.3389/fmars.2021.690704
https://www.deepseaminingoutofourdepth.org/wp-content/uploads/Nodule-Mining-in-the-Pacific-Ocean-1.pdf
https://www.deepseaminingoutofourdepth.org/wp-content/uploads/Nodule-Mining-in-the-Pacific-Ocean-1.pdf
https://www.wsj.com/livecoverage/russia-ukraine-latest-news-2022-03-08/card/nickel-market-sent-on-wild-ride-by-russia-concerns-oepho6J9PsoxNNoOCbZf#:~:text=Russia%20accounts%20for%205%25%20to,nickel%20production%2C%20according%20to%20CBA


1154	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

nickel-​market-​sent-​on-​wild-​ride-​by-​russia-​conce​rns-​oepho​6J9Ps​oxNNo​OCbZf#:​~:​text=​Rus-
sia%​20acc​ounts%​20for%​205%​25%​20to,nickel%​20pro​ducti​on%​2C%​20acc​ording%​20to%​20CBA. 
Accessed 16 Aug 2022.

Christiansen B, Denda A, Christiansen S (2020) Potential effects of deep seabed mining on pelagic and 
benthopelagic biota. J Mar Policy 114:103442. https://​doi.​org/​10.​1016/j.​marpol.​2019.​02.​014

Christiansen S, Brager S, Jaeckel A (2022) Evaluating the quality of environmental baselines for deep sea-
bed mining. Front Mar Sci. https://​doi.​org/​10.​3389/​fmars​2022.​898711

Christodoulou M, O’Hara T, Hugal AF, Khoami S, Rodrigues CF, Hilario A, Vink A, Arbizu PM (2020) 
Unexpected high abyssal ophiuroid diversity in polymetallic nodule fields of the northeast Pacific 
Ocean and implications for conservation. Biogeosciences 17:1845–1876. https://​doi.​org/​10.​5194/​
bg-​17-​1845-​2020

Clare EL, Economou CK, Faulkes CG, Gilbert JD, Bennett F, Drinkwater R, Littlefair JE (2021) eDNAir: 
proof of concept that animal DNA can be collected from air sampling. PeerJ 9:e11030. https://​doi.​org/​
10.​7717/​peerj.​11030

Clark M, Bowden D (2015) Seamount biodiversity: high variability both within and between seamounts 
in the Ross Sea region of Antarctica. Hydrobiologia. https://​doi.​org/​10.​1007/​s10750-​015-​2327-9

Cobb NA (1915) Nematodes and their relationships. In: Year Book of the Department of Agriculture 
1914. Department of Agriculture, Washington, DC, pp 457–490. https://​naldc.​nal.​usda.​gov/​downl​
oad/​IND43​748196/​PDF

Corinaldesi C (2015) New perspectives in benthic deep-sea microbial ecology. Front Mar Sci 2:17. 
https://​doi.​org/​10.​3389/​fmars.​2015.​00017

Cornwall W (2020) A dam big problem. Science 369(6508):907–909. https://​doi.​org/​10.​1126/​scien​ce.​
369.​6506.​906

Costello MJ, Wilson S, Houlding B (2012) Predicting total global species richness using rates of species 
description and estimates of taxonomic effort. Syst Biol 61(5):871. https://​doi.​org/​10.​1093/​sysbio/​
syr080

Cultural Survival (2018) Observations on the state of indigenous human rights in the Democratic Repub-
lic of Congo. In: Prepared for the 33rd Session of the United Nations Human Rights Council Uni-
versal Periodic Review, February 2019. Submission date: October 2018. https://​www.​cultu​ralsu​
rvival.​org/​sites/​defau​lt/​files/​UPR_​DRC_​2018.​pdf

Danovaro R, Gambi C, Dell’Anno A, Corinaldesi C, Fraschetti S, Vanreusel A, Vincx M, Gooday AJ 
(2007) Exponential decline of deep-sea ecosystem functioning linked to benthic biodiversity loss. 
Curr Biol 18:1–8. https://​doi.​org/​10.​1016/j.​cub.​2007.​11.​056

Dasgupta S (2016) Sites targeted for deep-sea mining teeming with new species. https://​news.​monga​bay.​
com/​2016/​08/​sites-​targe​ted-​for-​deep-​sea-​mining-​teemi​ng-​with-​new-​speci​es/

Davis J (2020) New species from the abyssal ocean hint at incredible deep sea diversity. Science News 
London Natural History Museum. https://​www.​nhm.​ac.​uk/​disco​ver/​news/​2020/​april/​new-​speci​es-​
from-​the-​abyss​al-​ocean-​deep-​sea-​diver​sity.​html

Davis J (2021) Dinosaurs and meteorites: Museum scientists described 552 new species in 2021. Natural 
History Museum, London

De Groot RS, Alkemade R, Braat L, Hein L, Willemen L (2010) Challenges in integrating the concept 
of ecosystem services and values in landscape planning, management and decision making. Ecol 
Complex 7(3):260–272. https://​doi.​org/​10.​1016/J.​ECOCOM.​2009.​10.​006

Dell’Anno A, Corinaldesi C, Danovaro R (2015) Virus decomposition in the deep seas. Proc Natl Acad 
Sci USA 112(16):E2014–E2019. https://​doi.​org/​10.​1073/​pnas.​14222​34112

Deng C, Daley T, Smith AD (2015) Applications of species accumulation curves in large-scale biologi-
cal data analysis. Quant Biol 3(3):135–144. https://​doi.​org/​10.​1007/​s40484-​015-​0049-7

de Vere AJ, Lilley MK, Frick EE (2018) Anthropogenic impacts on the welfare of wild marine mam-
mals. Aquat Mamm 44:150–180. https://​doi.​org/​10.​1578/​AM.​44.2.​2018.​150

Dixon R (2019a) How is the deep sea so diverse? Deep Sea News. https://​www.​deeps​eanews.​com/​2019/​
03/​how-​is-​the-​deep-​sea-​so-​diver​se-​the-​strug​gle-​is-​real-​for-​late-​1900s-​ecolo​gists/ Accessed 16 
Aug 2022

DOSI (2021) Deep-sea mining: an introductory webinar. Treasures of the deep: life and rocks. deep 
ocean stewardship initiative. https://​www.​dosi-​proje​ct.​org/​deep-​sea-​mining-​webin​ar/. Accessed 16 
Aug 2022

Doughty CE, Roman J, Faurby S, Wolf A, Haque A, Bakker ES, Malhi Y, Dunning JB, Svenning JC 
(2016) Global nutrient transport in a world of giants. Proc Natl Acad Sci USA 113(4):868–873. 
https://​doi.​org/​10.​1073/​pnas.​15025​49112

Drazen JC, Smith CR, Gjerde K, Whitlow A, Black J, Carter G, Clark M, Durden JM, Dutrieux P, 
Goetze E, Haddock S, Hatta M, Hauton C, Hill P, Koslow J, Leitner AB, Measures C, Pacini A, 

https://www.wsj.com/livecoverage/russia-ukraine-latest-news-2022-03-08/card/nickel-market-sent-on-wild-ride-by-russia-concerns-oepho6J9PsoxNNoOCbZf#:~:text=Russia%20accounts%20for%205%25%20to,nickel%20production%2C%20according%20to%20CBA
https://www.wsj.com/livecoverage/russia-ukraine-latest-news-2022-03-08/card/nickel-market-sent-on-wild-ride-by-russia-concerns-oepho6J9PsoxNNoOCbZf#:~:text=Russia%20accounts%20for%205%25%20to,nickel%20production%2C%20according%20to%20CBA
https://doi.org/10.1016/j.marpol.2019.02.014
https://doi.org/10.3389/fmars2022.898711
https://doi.org/10.5194/bg-17-1845-2020
https://doi.org/10.5194/bg-17-1845-2020
https://doi.org/10.7717/peerj.11030
https://doi.org/10.7717/peerj.11030
https://doi.org/10.1007/s10750-015-2327-9
https://naldc.nal.usda.gov/download/IND43748196/PDF
https://naldc.nal.usda.gov/download/IND43748196/PDF
https://doi.org/10.3389/fmars.2015.00017
https://doi.org/10.1126/science.369.6506.906
https://doi.org/10.1126/science.369.6506.906
https://doi.org/10.1093/sysbio/syr080
https://doi.org/10.1093/sysbio/syr080
https://www.culturalsurvival.org/sites/default/files/UPR_DRC_2018.pdf
https://www.culturalsurvival.org/sites/default/files/UPR_DRC_2018.pdf
https://doi.org/10.1016/j.cub.2007.11.056
https://news.mongabay.com/2016/08/sites-targeted-for-deep-sea-mining-teeming-with-new-species/
https://news.mongabay.com/2016/08/sites-targeted-for-deep-sea-mining-teeming-with-new-species/
https://www.nhm.ac.uk/discover/news/2020/april/new-species-from-the-abyssal-ocean-deep-sea-diversity.html
https://www.nhm.ac.uk/discover/news/2020/april/new-species-from-the-abyssal-ocean-deep-sea-diversity.html
https://doi.org/10.1016/J.ECOCOM.2009.10.006
https://doi.org/10.1073/pnas.1422234112
https://doi.org/10.1007/s40484-015-0049-7
https://doi.org/10.1578/AM.44.2.2018.150
https://www.deepseanews.com/2019/03/how-is-the-deep-sea-so-diverse-the-struggle-is-real-for-late-1900s-ecologists/
https://www.deepseanews.com/2019/03/how-is-the-deep-sea-so-diverse-the-struggle-is-real-for-late-1900s-ecologists/
https://www.dosi-project.org/deep-sea-mining-webinar/
https://doi.org/10.1073/pnas.1502549112


1155Biodiversity and Conservation (2023) 32:1125–1164	

1 3

Parrish F, Peacock, et al (2019) Report of the workshop. Evaluating the nature of midwater mining 
plumes and their potential effects on midwater ecosystems. https://​doi.​org/​10.​3897/​rio.5.​e33527

Drazen JC, Smith CR, Gjerde KM, Haddock SHD, Carter GS, Choy AC, Clark MR, Dutrieux P, Goetz 
E, Hauton C, Hatta M, Koslow JA, Leitner AB, Pacini A, Perelman JN, Peacock T, Sutton TT, 
Watling L, Yamamoto H (2020) Opinion: midwater ecosystems must be considered when evalu-
ating environmental risks of deep-sea mining. Proc Natl Acad Sci USA 117(30):17455–17460. 
https://​doi.​org/​10.​1073/​pnas.​20119​14117

Dusengemungu L, Kasali G, Gwanama C, Mubemba B (2021) Overview of fungal bioleaching of met-
als. Environ Adv 5:100083. https://​doi.​org/​10.​1016/j.​envadv.​2021.​100083

Dybas CL (1996) The deep-sea floor rivals rain forests in diversity of Life. Smithsonian Magazine. 
https://​www.​smith​sonia​nmag.​com/​scien​ce-​nature/​the-​deep-​sea-​floor-​rivals-​rain-​fores​ts-​in-​diver​
sity-​of-​life-​10768​6469/

Enquist BJ, Abraham AJ, Harfoot MBJ, Malhi Y, Doughty CE (2020) The megabiota are dispropor-
tionately important for biosphere functioning. Nat Commun 11:699. https://​doi.​org/​10.​1038/​
s41467-​020-​14369-y

Erskine P, van der Ent A, Fletcher A (2012) Sustaining metal-loving plants in mining regions. Science 
337:1172–1173. https://​doi.​org/​10.​1126/​scien​ce.​337.​6099.​1172-b

European Commission, Joint Research Centre, Johnson N, Scheu S, Ramirez K, et al. (2016)  Global Soil 
Biodiversity Atlas. Johnson N, Scheu S, Ramirez K, Lemanceau P, Eggleton P, Jones A, Moreira 
F, Barrios E De Deyn G, Briones M, Kaneko N, Kandeler E, Wall D, Six J, Fierer N, Jeffery S, 
Lavelle P, Putten W, Singh B, Miko L, Hedlund K, Orgiazzi A, Chotte J, Bardgett R, Behan-Pelletier 
V, Fraser T, Montanarella L (eds.) Publications Office, 2016.  https://​data.​europa.​eu/​doi/​10.​2788/​2613

FAO, ITPS, GSBI, SCBD and EC (2020) State of knowledge of soil biodiversity—status, challenges and 
potentialities, summary for policymakers. Food and Agriculture Organization. Rome. https://​doi.​org/​
10.​4060/​cb192​9en

Fausto A, Rodrigues ML, Coelho C (2019) The still underestimated problem of fungal diseases worldwide. 
Front Microbiol 10:214. https://​doi.​org/​10.​3389/​fmicb.​2019.​00214

Feest A, Aldred TD, Jedamzik K (2009) Biodiversity quality: a paradigm for biodiversity. Ecol Ind 
10:1077–1082. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2010.​04.​002

FFI (2020) An assessment of the risks and impacts of seabed mining on marine ecosystems. In: Howard P, 
Parker G, Jenner N, Holland Y (eds) Flora and Fauna International, London. https://​cms.​fauna-​flora.​
org/​wp-​conte​nt/​uploa​ds/​2020/​03/​FFI_​2020_​The-​risks-​impac​ts-​deep-​seabed-​mining_​Report.​pdf

FIDH-KontraS (2014) INDONESIA: No Development without Rights International Fact-Finding Report. 
Joint Submission to the UN Committee on Economic, Social and Cultural Rights in view of the 
examination of the Report of Indonesia. The Commission for the Disappearences and Victims of Vio-
lences. https://​tbint​ernet.​ohchr.​org/​Treat​ies/​CESCR/​Shared%​20Doc​uments/​IDN/​INT_​CESCR_​CSS_​
IDN_​17094_E.​pdf

Francis (2015) Laudato Si’. Encyclical Letter of the Holy Father Francis On Care for Our Common Home. 
Sec. 33, 69. Rome. https://​www.​vatic​an.​va/​conte​nt/​franc​esco/​en/​encyc​licals/​docum​ents/​papa-​franc​
esco_​20150​524_​encic​lica-​lauda​to-​si.​html

Gage JD, Hughes DJ, Gonzalez Vecino JL (2002) Sieve size influence in estimating biomass, abundance and 
diversity in samples of deep-sea macrobenthos. Mar Ecol Prog Ser 225:97–107

Gausepohl F, Hennke A, Schoening T, Köser K, Greinert J (2020) Scars in the abyss: reconstructing 
sequence, location and temporal change of the 78 plough tracks of the 1989 DISCOL deep-sea dis-
turbance experiment in the Peru Basin. Biogeosciences 17:1463–1493. https://​doi.​org/​10.​5194/​
bg-​17-​1463-​2020

Gauthier S, Bernier P, Kuuluvainen T, Schvidenko AZ, Schepaschenko DG (2015) Boreal forest health and 
global change. Science 349:819–822

Gibbons SM, Caporaso JG, Pirrung M, Field KR, Gilbert JA (2013) Evidence for a persistent microbial seed 
bank throughout the global ocean. Proc Natl Acad Sci USA 110(12):4651–4655. https://​doi.​org/​10.​
1073/​pnas.​12177​67110

Gollner S, Kaiser S, Menzel L, Jones DOB, Brown A, Mestre NC, van Oevelen D, Menot L, Colaço A, 
Canals M, Cuvelier D, Durden JM, Gebruk A, Egho GA, Haeckel M, Marcon Y, Mevenkamp (2017) 
Resilience of benthic deep-sea fauna to mining activities. Mar Environ Res 129: 76–101. https://​doi.​
org/​10.​1016/j.​maren​vres.​2017.​04.​010

Gómez A, Nichols E (2013) Neglected wild life: parasitic biodiversity as a conservation target. Int J Parasi-
tol 2:222–227. https://​doi.​org/​10.​1016/j.​ijppaw.​2013.​07.​002

Gooday AJ, Durden JM, Holzmann M, Pawlowski J, Smith CR (2020) Xenophyophores (Rhizaria, 
Foraminifera), including four new species and two new genera, from the western Clarion-Clipperton 

https://doi.org/10.3897/rio.5.e33527
https://doi.org/10.1073/pnas.2011914117
https://doi.org/10.1016/j.envadv.2021.100083
https://www.smithsonianmag.com/science-nature/the-deep-sea-floor-rivals-rain-forests-in-diversity-of-life-107686469/
https://www.smithsonianmag.com/science-nature/the-deep-sea-floor-rivals-rain-forests-in-diversity-of-life-107686469/
https://doi.org/10.1038/s41467-020-14369-y
https://doi.org/10.1038/s41467-020-14369-y
https://doi.org/10.1126/science.337.6099.1172-b
https://doi.org/10.2788/2613
https://doi.org/10.4060/cb1929en
https://doi.org/10.4060/cb1929en
https://doi.org/10.3389/fmicb.2019.00214
https://doi.org/10.1016/j.ecolind.2010.04.002
https://cms.fauna-flora.org/wp-content/uploads/2020/03/FFI_2020_The-risks-impacts-deep-seabed-mining_Report.pdf
https://cms.fauna-flora.org/wp-content/uploads/2020/03/FFI_2020_The-risks-impacts-deep-seabed-mining_Report.pdf
https://tbinternet.ohchr.org/Treaties/CESCR/Shared%20Documents/IDN/INT_CESCR_CSS_IDN_17094_E.pdf
https://tbinternet.ohchr.org/Treaties/CESCR/Shared%20Documents/IDN/INT_CESCR_CSS_IDN_17094_E.pdf
https://www.vatican.va/content/francesco/en/encyclicals/documents/papa-francesco_20150524_enciclica-laudato-si.html
https://www.vatican.va/content/francesco/en/encyclicals/documents/papa-francesco_20150524_enciclica-laudato-si.html
https://doi.org/10.5194/bg-17-1463-2020
https://doi.org/10.5194/bg-17-1463-2020
https://doi.org/10.1073/pnas.1217767110
https://doi.org/10.1073/pnas.1217767110
https://doi.org/10.1016/j.marenvres.2017.04.010
https://doi.org/10.1016/j.marenvres.2017.04.010
https://doi.org/10.1016/j.ijppaw.2013.07.002


1156	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Zone (abyssal equatorial Pacific). Eur J Protistol 75:125715. https://​doi.​org/​10.​1016/j.​ejop.​2020.​
125715

Gorelick R (2011) Commentary: do we have a consistent terminology for species diversity? The fallacy of 
true diversity. Oecologia 167:885–888. https://​doi.​org/​10.​1007/​s00442-​011-​2124-8

Gradstein SR, Kessler M, Pitopang R (2007) Tree species diversity relative to human land uses in tropical 
rain forest margins in Central Sulawesi. In: Tscharntke T, Leuschner C, Zeller M, Guhardja E, Bidin 
A (eds) The Stability of Tropical Rainforest Margins, Linking Ecological, Economic and Social Con-
straints of Land Use and Conservation. Environmental Science and Engineering (Environmental Sci-
ence). Springer, Berlin, pp 321–334. https://​doi.​org/​10.​1007/​978-3-​540-​30290-2_​16

Greenpeace (2019) In deep water: the emerging threat of deep sea mining. Greenpeace International, 
Vancouver

Hallgren A, Hansson A (2021) Conflicting narratives of deep-sea mining. Sustainability 13:5261. https://​
doi.​org/​10.​3390/​su130​95261

Hance J (2012) Two-foot-long cloud rat rediscovered after missing for forty years in the Philippines. https://​
news.​monga​bay.​com/​2012/​04/​two-​foot-​long-​cloud-​rat-​redis​cover​ed-​after-​missi​ng-​for-​forty-​years-​in-​
the-​phili​ppines/. Accessed 17 Apr 2012

Haro A (2021) Patagonia joins call for moratorium on deep seabed mining. https://​www.​thein​ertia.​com/​
envir​onment/​patag​onia-​joins-​call-​for-​morat​orium-​on-​deep-​seabed-​mining/. Accessed 7 Dec 2021

Harper JL, Hawksworth DL (1994) Biodiversity: measurement and estimation Preface. Philos Trans R Soc 
Lond Ser B: Biol Sci 345(1311):5–12. https://​doi.​org/​10.​1098/​rstb.​1994.​0081

Harvard Law Review (2016) Environmental Law Notes. Existence-Value Standing. Harvard Law Review. 
129 Harvard Law Review 775. January 11, 2016. https://​harva​rdlaw​review.​org/​2016/​01/​exist​ence-​
value-​stand​ing/

Hawksworth DL, Lücking R (2017) Fungal diversity revisited: 2.2 to 3.8 million species. The Fungal King-
dom. Microbiol Spectrum 5:79–95. https://​doi.​org/​10.​1128/​micro​biols​pec.​FUNK-​0052-​2016

Hayat R, Ali S, Amara U, Khalid R, Ahmed I (2010) Soil beneficial bacteria and their role in plant growth 
promotion: a review. Ann Microbiol 60:579–598. https://​doi.​org/​10.​1007/​s13213-​010-​0117-1

Hayek L-AC, Buzas MA (2010) Surveying natural populations. Quantitative tools for assessing biodiversity. 
Columbia University Press, New York

Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifications through DNA barcodes. 
Proc R Soc Lond B 270:313–332. https://​doi.​org/​10.​1098/​rspb.​2002.​2218

Hein JR, Koschinsky A, Mizell K, Conrad T (2012) Deep-ocean mineral deposits as a source of critical met-
als for high-and green-technology applications: comparison with land-based resources. Ore Geol Rev 
51:1–14. https://​doi.​org/​10.​1016/j.​orege​orev.​2012.​12.​001

Hein JR, Koschinsky A, Kuhn T (2020) Deep-ocean polymetallic nodules as a resource for critical materi-
als. Nat Rev Earth Environ. https://​doi.​org/​10.​1038/​s43017-​020-​0027-0

Heinen R, Biere A, Harvey JA, Bezemer TM (2018) Effects of soil organisms on aboveground plant-insect 
interactions in the field: patterns, mechanisms and the role of methodology. Front Ecol Evol 6:106. 
https://​doi.​org/​10.​3389/​fevo.​2018.​00106

Hoegh-Guldberg O, Jacob D, Taylor M, Bindi M, Brown S, Camilloni I, Diedhiou A, Djalante R, Ebi KL, 
Engelbrecht F, Guiot J, Hijioka Y, Mehrotra S, Payne A, Seneviratne SI, Thomas A, Warren R, Zhou 
G (2018) Impacts of 1.5°C Global Warming on Natural and Human Systems. pp. 175-311 In: Mas-
son-Delmotte V, Zhai P, Pörtner HO, Roberts D, Skea J, Shukla PR, Pirani A, Moufouma-Okia W, 
Péan C, Pidcock R, Connors S, Matthews JBR, Chen Y, Zhou X, Gomis MI, Lonnoy E, Maycock 
T,  Tignor M, and Waterfield T (eds.)Global Warming of 1.5°C.&nbsp;An IPCC Special Report on 
the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas 
emission pathways, in the context of strengthening the global response to the threat of climate change, 
sustainable development, and efforts to eradicate poverty. Cambridge University Press, Cambridge, 
UK and New York, NY, USA. https://​doi.​org/​10.​1017/​97810​09159​40.​005

Hund K, La Porta D, Fabregas TP, Laing T, Drexhage J (2020) Minerals for climate action: the mineral 
intensity of the clean energy transition. World Bank, Washington DC

Huston MA (1994) Biological diversity: the coexistence of species on changing landscapes. Cambridge 
University Press, Cambridge

IEA (2021) The role of critical minerals in clean energy transitions. IEA (International Energy Agency), 
Paris

IPBES (2019) Global assessment report on biodiversity and ecosystem services of the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services. In: Brondizio ES, Settele J, Díaz S, 
Ngo HT (eds). IPBES secretariat, Bonn. https://​doi.​org/​10.​5281/​zenodo.​38316​73

ISA (2013) Recommendations for the guidance of contractors for the assessment of the possible environ-
mental impacts arising from exploration for marine minerals in the Area. In: Review document. 

https://doi.org/10.1016/j.ejop.2020.125715
https://doi.org/10.1016/j.ejop.2020.125715
https://doi.org/10.1007/s00442-011-2124-8
https://doi.org/10.1007/978-3-540-30290-2_16
https://doi.org/10.3390/su13095261
https://doi.org/10.3390/su13095261
https://news.mongabay.com/2012/04/two-foot-long-cloud-rat-rediscovered-after-missing-for-forty-years-in-the-philippines/
https://news.mongabay.com/2012/04/two-foot-long-cloud-rat-rediscovered-after-missing-for-forty-years-in-the-philippines/
https://news.mongabay.com/2012/04/two-foot-long-cloud-rat-rediscovered-after-missing-for-forty-years-in-the-philippines/
https://www.theinertia.com/environment/patagonia-joins-call-for-moratorium-on-deep-seabed-mining/
https://www.theinertia.com/environment/patagonia-joins-call-for-moratorium-on-deep-seabed-mining/
https://doi.org/10.1098/rstb.1994.0081
https://harvardlawreview.org/2016/01/existence-value-standing/
https://harvardlawreview.org/2016/01/existence-value-standing/
https://doi.org/10.1128/microbiolspec.FUNK-0052-2016
https://doi.org/10.1007/s13213-010-0117-1
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1016/j.oregeorev.2012.12.001
https://doi.org/10.1038/s43017-020-0027-0
https://doi.org/10.3389/fevo.2018.00106
https://doi.org/https://doi.org/10.1017/978100915940.005
https://doi.org/10.5281/zenodo.3831673


1157Biodiversity and Conservation (2023) 32:1125–1164	

1 3

Issued by the International Seabed Authority Legal and Technical Commission for Review. Twenty-
fifth session. Legal and Technical Commission session, part I. Kingston, 4–15 March 2019 Agenda 
item 11. https://​www.​isa.​org.​jm/​wp-​conte​nt/​uploa​ds/​2022/​06/​isba-​19ltc-8_​0.​pdf

IUCN (2022a) Deep-Sea Mining. Issues Brief. May 2022a. https://​www.​iucn.​org/​sites/​defau​lt/​files/​2022a-​
07/​iucn-​issues-​brief_​dsm_​update_​final.​pdf. Accessed 16 Aug 2022

IUCN (2022b) Red List of Threatened Species. International Union for Conservation of Nature. https://​
www.​iucnr​edlist.​org/​about/​backg​round-​histo​ry. Accessed 18 Feb 2022b

Jamieson AJ, Vecchione M (2020b) First in  situ observation of Cephalopoda at hadal depths (Octopoda: 
Opisthoteuthidae: Grimpoteuthis sp). Mar Biol 167:82. https://​doi.​org/​10.​1007/​s00227-​020-​03701-1

Jarić I, Roll U, Bonaiuto M, Brook BW, Courhamp F, Firth JA, Gaston KJ, Heger T, Jeschke JM, Ladle RJ, 
Meinard Y, Roberts DL, Sherren K, Soga M, Soriano-Redondo A, Verissimo D, Correia RA (2022) 
Societal extinction of species. Trends Ecol Evol. https://​doi.​org/​10.​1016/j.​tree.​2021.​12.​011

Jones DOB, Simon-Lledó E, Cuvelier D, Durden JM, Amon D, Ju S-J, McQuaid K, Pape E, Laming S, 
Leitner A, Drazen J, Howell K, Christodoulou M, Martinez-Arbizu P, Fukishima T, Clark MR, Smith 
C (2019a) Invertebrate Megafauna. In: International Seabed Authority (ISA). Deep CCZ Biodiversity 
Synthesis Workshop Friday Harbor, Washington, USA, 1–4 October 2019c, pp 108–133. https://​archi​
mer.​ifrem​er.​fr/​doc/​00624/​73635/

Jones DOB, Simon-Lledó E, Amon D, Bett BJ, Caulle C, Clément L, Connelly DP, Dahlgren TG, Durden 
JM, Drazen JC, Felden J, Gates AR, Georgieva MN, Glover AG, Gooday AJ, Hollingsworth AL, 
Horton T, James RH, Jeffreys RM et al (2019) Environment, ecology, and potential effectiveness of 
an area protected from deep-sea mining (Clarion Clipperton Zone, abyssal Pacific). Prog Oceanogr 
197:102653. https://​doi.​org/​10.​1016/j.​pocean.​2021.​102653

Katona S, Paulikas D, Stone GS (2021) Ethical opportunities in deep-sea collection of polymetallic nodules 
from the Clarion-Clipperton Zone. Integr Environ Assess Manag. https://​doi.​org/​10.​1002/​ieam.​4554

Keesing F, Beldon L, Daszak P, Dobson A, Harvell CD, Holt RD, Hudson P, Jolles A, Jones KE, Mitchell 
CE, Myers SS, Bogich T, Ostfield RS (2010) Impacts of biodiversity on the emergence and transmis-
sion of infectious diseases. Nature 468:647–652. https://​doi.​org/​10.​1038/​natur​e09575

Kent FE, Gray MJ, Last KS, Sanderson WG (2016) Horse mussel reef ecosystem services: evidence for a 
whelk nursery habitat supporting a shellfishery. Int J Biodivers Sci Ecosyst Serv Manage 12(3):172–
180. https://​doi.​org/​10.​1080/​21513​732.​2016.​11883​30

Kirmse S, Chaboo CS (2020) Flowers are essential to maintain high beetle diversity (Coleoptera) in a Neo-
tropical rainforest canopy. J Nat Hist 54(25–26):1661–1696. https://​doi.​org/​10.​1080/​00222​933.​2020.​
18114​14

Koschinsky A, Heinrich L, Boehnke K, Cohrs JC, Markus T, Shani M, Singh P, Stegen KS, Werner W 
(2018) Deep-sea mining: interdisciplinary research on potential environmental, legal, economic, and 
societal implications. Integr Environ Assess Manage 14:672–691. https://​doi.​org/​10.​1002/​ieam.​4071

Król E, Płachno BJ, Adamec L, Stolarz M, Dziubińska H, Trębacz K (2012) Quite a few reasons for calling 
carnivores ‘the most wonderful plants in the world.’ Ann Bot 109(1):47–64. https://​doi.​org/​10.​1093/​
aob/​mcr249

Laroche O, Kersten O, Smith CR, Goetze E (2020) From sea surface to seafloor: a benthic allochthonous 
eDNA survey for the abyssal ocean. Front Mar Sci 7:682. https://​doi.​org/​10.​3389/​fmars.​2020.​00682

Lawrence J, Töpper J, Petelenz-Kurdziel E, Bratbak G, Larsen A, Thompson E, Troedsson C, Ray JL (2017) 
Viruses on the menu: the appendicularian Oikopleura dioica efficiently removes viruses from seawa-
ter. Limnol Oceanogr 63:S244–S253. https://​doi.​org/​10.​1002/​lno.​10734

Le JT, Levin LA, Carson RT (2017) Incorporating ecosystem services into environmental management of 
deep-seabed mining. Deep-Sea Res II 137:486–503. https://​doi.​org/​10.​1016/j.​dsr2.​2016.​08.​007

Le JT, Levin LA, Lejzerowicz F, Cordier T, Gooday AJ, Pawlowski J (2021) Scientific and budgetary trade-
offs between morphological and molecular methods for deep-sea biodiversity assessment. Integr 
Environ Assess Manage. https://​doi.​org/​10.​1002/​ieam.​4466

Lejzerowicz F, Goodayt AJ, Angeles IB, Cordier T, Morard R, Apothéloz-Perret-Gentil L, Lins L, Menot L, 
Brandt A, Levin LA, Arbizu PM, Smith CR, Pawlowski J (2021) Eukaryotic biodiversity and spatial 
patterns in the Clarion-Clipperton Zone and other abyssal regions: insights from sediment DNA and 
RNA metabarcoding. Front Mar Sci. https://​doi.​org/​10.​3389/​fmars.​2021.​671033/​full

Levin LA, Mengerink K, Gjerde KM, Rowden AA, Van Dover CL, Clark MR, Ramirez-Llodra E, Currie B, 
Smith CR, Sato KN, Gallo N, Sweetman AK, Lily H, Armstrong CW, Brider J (2016) Defining “seri-
ous harm” to the marine environment in the context of deep-seabed mining. Mar Policy 74:245–259. 
https://​doi.​org/​10.​1016/j.​marpol.​2016.​09.​032

Levin L, Amon DJ, Lily H (2020) Challenges to the sustainability of deep-seabed mining. Nat Sustain 
3:784–794. https://​doi.​org/​10.​1038/​s41893-​020-​0558-x

https://www.isa.org.jm/wp-content/uploads/2022/06/isba-19ltc-8_0.pdf
https://www.iucn.org/sites/default/files/2022a-07/iucn-issues-brief_dsm_update_final.pdf
https://www.iucn.org/sites/default/files/2022a-07/iucn-issues-brief_dsm_update_final.pdf
https://www.iucnredlist.org/about/background-history
https://www.iucnredlist.org/about/background-history
https://doi.org/10.1007/s00227-020-03701-1
https://doi.org/10.1016/j.tree.2021.12.011
https://archimer.ifremer.fr/doc/00624/73635/
https://archimer.ifremer.fr/doc/00624/73635/
https://doi.org/10.1016/j.pocean.2021.102653
https://doi.org/10.1002/ieam.4554
https://doi.org/10.1038/nature09575
https://doi.org/10.1080/21513732.2016.1188330
https://doi.org/10.1080/00222933.2020.1811414
https://doi.org/10.1080/00222933.2020.1811414
https://doi.org/10.1002/ieam.4071
https://doi.org/10.1093/aob/mcr249
https://doi.org/10.1093/aob/mcr249
https://doi.org/10.3389/fmars.2020.00682
https://doi.org/10.1002/lno.10734
https://doi.org/10.1016/j.dsr2.2016.08.007
https://doi.org/10.1002/ieam.4466
https://doi.org/10.3389/fmars.2021.671033/full
https://doi.org/10.1016/j.marpol.2016.09.032
https://doi.org/10.1038/s41893-020-0558-x


1158	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Lim S-C, Wiklund H, Glover AG, Dahlgren TG, Tan K-S (2017) A new genus and species of abyssal sponge 
commonly encrusting polymetallic nodules in the Clarion-Clipperton Zone, East Pacific Ocean. Syst 
Biodivers 15(6):507–519. https://​doi.​org/​10.​1080/​14772​000.​2017.​13582​18

Lins L, Zeppilli D, Menot L, Michel LN, Bonifácio P, Brandt M, Pape E, Rossel S, Uhlenkott K, Macheri-
otou L, Bezerra TN, Sánchez N, Alfaro-Lucas JM, Arbizu PM, Kaiser SA, Murakami C, Vanreusel A 
(2021) Toward a reliable assessment of potential ecological impacts of deep-sea polymetallic nodule 
mining on abyssal infauna. Limnol Oceanogr Methods. https://​doi.​org/​10.​1002/​lom3.​10448

Littler MM, Littler DS, Blair SM, Norris JN (1985) Deepest known plant life discovered on uncharted 
seamount. Science 227:57–59. https://​doi.​org/​10.​1126/​scien​ce.​227.​4682.​57?​adobe_​mc=​MCMID%​
3D561​75343​34163​70099​43312​70679​20865​53455%​7CMCO​RGID%​3D242​B6472​54119​9F70A​
4C98A6%​2540A​dobeO​rg%​7CTS%​3D165​98863​24

Louca S (2021) The rates of global bacterial and archaeal dispersal. ISME J Int Soc Microbial Ecol. https://​
doi.​org/​10.​1038/​s41396-​021-​01069-8

Louca S, Mazel F, Doebeli M, Parfrey LW (2019) A census-based estimate of’Earth’s bacterial and archaeal 
diversity. PLoS Biol 17(2):e3000106. https://​doi.​org/​10.​1371/​journ​al.​pbio.​30001​06

Lovejoy TE (1994) The quantification of biodiversity: an esoteric quest or a vital component of sustainable 
development? Philos Trans R Soc Lond Ser B: Biol Sci 345(1311):81–87. https://​doi.​org/​10.​1098/​
rstb.​1994.​0089

Lyu Z, Chai J, Xu Z, Qin Y, Cao J (2019) A comprehensive review on reasons for tailings dam failures 
based on case history. Adv Civ Eng 2019:18. https://​doi.​org/​10.​1155/​2019/​41593​06

Magurran AE (2004) Introduction: measurement of (biological) diversity. Measuring biological diversity. 
Blackwell, Oxford

Malhi Y, Doughty CE, Galleti M, Smith FA, Svenniing JC, Terborgh JW (2016) Megafauna and ecosystem 
function from the Pleistocene to the Anthropocene. Proc Natl Acad Sci USA 113(4):838–846. https://​
doi.​org/​10.​1073/​pnas.​15025​40113

Manguin S, Boëte C (2011) Global impact of mosquito biodiversity, human vector-borne diseases and envi-
ronmental change. Chap. 3 In: Lopez-Pujol J (ed.) The Importance of Biological Interactions in the 
Study of Biodiversity. IntechOpen, London. https://​doi.​org/​10.​5772/​22970

Martin C, Weilgart L, Amon DJ, Müller J (2021) Deep-Sea Mining: a noisy affair. Overview and Recom-
mendations. OceanCare, Wädenswil

Martin PS (1967) Prehistoric overkill. In: Martin PS, Wright HE (eds) Pleistocene extinctions: the search for 
a cause. Yale University Press, New Haven, CT, pp 354–403

Martin SJ, Funch RR, Hanson PR, Yoo E-H (2018) A vast 4,000-year-old spatial pattern of termite mounds. 
Curr Biol 28:R1283–R1295. https://​doi.​org/​10.​1016/j.​cub.​2018.​09.​061

Martin PA, Green RE, Balmford A (2019) The Biodiversity Intactness Index may underestimate losses. Nat 
Ecol Evol 3:862–863. https://​doi.​org/​10.​1038/​s41559-​019-​0895-1

Mazzoldi C, Bearzi G, Brito C, Carvalho I, Desiderà E, Endrizzi L, Freitas L, Biacomello E, Giovos I, Gui-
detti P, Ressurreição A, Tull M, MacDiarmid A (2019) From sea monsters to charismatic megafauna: 
changes in perception and use of large marine animals. PLoS ONE 14(12):e0226810. https://​doi.​org/​
10.​1371/​journ​al.​pone.​02268​10

McClain CR (2007) Seamounts: identity crisis or split personality? J Biogeogr 34:2001–2008. https://​doi.​
org/​10.​1111/j.​1365-​2699.​2007.​01783.x

McClain CR, Schlacher TR (2015) On some hypotheses of diversity of animal life at great depths on the sea 
floor. Mar Ecol 36:849

McGowan J, Beaumont LJ, Smith RJ, Chauvenet ALM, Harcourt R, Atkiinson SC, Mittermeier JC, 
Esperon-Rodriquez M, Baumgartner JB, Beattie A, Dudaniec RY, Grenver R, Mipperess DA, Stow A, 
Possingham HP (2020) Conservation prioritization can resolve the flagship species conundrum. Nat 
Commun 11:994. https://​doi.​org/​10.​1038/​s41467-​020-​14554-z

McKenna M (2021) Deadly fungi are the newest emerging microbe threat all over the world. Sci Am 
324:26–35

McQuatters-Gollop A, Mitchell I, Vina-Herbon C, Bedford J, Addison PFE, Lynam CP, Geetha PH, Ver-
meulan EA, Smit K, Bayley DTI, Morris-Webb E, Niner HJ, Otto SA (2019) From science to evi-
dence—How biodiversity indicators can be used for effective marine conservation policy and man-
agement. Front Mar Sci 6:109. https://​doi.​org/​10.​3389/​fmars.​2019.​00109

Mendonça SN, Metaxas A (2021) Comparing the performance of a remotely operated vehicle, a drop cam-
era, and a trawl in capturing deep-sea epifaunal abundance and diversity. Front Mar Sci 8:583. https://​
doi.​org/​10.​3389/​fmars.​2021.​631354

Menge BA, Freidenburg TI (2013) Keystone species. In: Levin SA (ed) Encyclopedia of biodiversity, 2nd 
edn. Elsevier, Amsterdam, pp 613–632

https://doi.org/10.1080/14772000.2017.1358218
https://doi.org/10.1002/lom3.10448
https://doi.org/10.1126/science.227.4682.57?adobe_mc=MCMID%3D56175343341637009943312706792086553455%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1659886324
https://doi.org/10.1126/science.227.4682.57?adobe_mc=MCMID%3D56175343341637009943312706792086553455%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1659886324
https://doi.org/10.1126/science.227.4682.57?adobe_mc=MCMID%3D56175343341637009943312706792086553455%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1659886324
https://doi.org/10.1038/s41396-021-01069-8
https://doi.org/10.1038/s41396-021-01069-8
https://doi.org/10.1371/journal.pbio.3000106
https://doi.org/10.1098/rstb.1994.0089
https://doi.org/10.1098/rstb.1994.0089
https://doi.org/10.1155/2019/4159306
https://doi.org/10.1073/pnas.1502540113
https://doi.org/10.1073/pnas.1502540113
https://doi.org/10.5772/22970
https://doi.org/10.1016/j.cub.2018.09.061
https://doi.org/10.1038/s41559-019-0895-1
https://doi.org/10.1371/journal.pone.0226810
https://doi.org/10.1371/journal.pone.0226810
https://doi.org/10.1111/j.1365-2699.2007.01783.x
https://doi.org/10.1111/j.1365-2699.2007.01783.x
https://doi.org/10.1038/s41467-020-14554-z
https://doi.org/10.3389/fmars.2019.00109
https://doi.org/10.3389/fmars.2021.631354
https://doi.org/10.3389/fmars.2021.631354


1159Biodiversity and Conservation (2023) 32:1125–1164	

1 3

Meredith HR, Andreani V, Ma HR, Lopatkin AJ, Lee AJ, Anderson DJ, Batt G, You L (2018) Applying 
ecological resistance and resilience to detect bacterial antibiotic responses. Sci Adv 4(12):eeau1873. 
https://​doi.​org/​10.​1126/​sciadv.​aau18​73

Miller KA, Thompson KF, Johnston P, Santillo D (2018) An overview of seabed mining including the cur-
rent state of development, environmental impacts, and knowledge gaps. Front Mar Sci. https://​doi.​org/​
10.​3389/​fmars.​2017.​00418

Miller KA, Brigden K, Santillo D, Currie D, Johnston P, Thompson KF (2021) Challenging the need for 
deep seabed mining from the perspective of metal demand, biodiversity, ecosystems services, and 
benefit sharing. Front Mar Sci 8:706161. https://​doi.​org/​10.​3389/​fmars.​2021.​706161

Mills R (2022) Rushing headlong into electrification, the West is replacing one energy master with another. 
https://​www.​mining.​com/​web/​rushi​ng-​headl​ong-​into-​elect​rific​ation-​the-​west-​is-​repla​cing-​one-​
energy-​master-​with-​anoth​er/.7 January 2022

Moleón M, Sánchez-Zapata JA, Donázar JA, Revilla E, Martín-López B, Gutiérrez-Cánovas C, Getz WM, 
Morales-Reyes Z, Campos-Arceiz A, Crowder LB, Galetti M, González-Suárez M, He F, Jordano P, 
Lewison R, Naidoo R, Owen-Smith N, Selva N, Svenning J-C et al (2020) Rethinking megafauna. 
Proc R Soc B 287:20192643. https://​doi.​org/​10.​1098/​rspb.​2019.​2643

Mora C, Tittensor DP, Adl S, Simpson AGB, Worm B (2011) How many species are there on Earth and in 
the ocean? PloS Biol 9(8):e1001127. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10011​27

Morato T, Hoyle SD, Allain V, Nicol SJ (2010) Seamounts are hotspots of pelagic biodiversity in the open 
ocean. Proc Natl Acad Sci USA 107(21):9707–9711. https://​doi.​org/​10.​1073/​pnas.​09102​90107

Morono Y, Ito M, Hoshino T, Terada T, Hori T, Ikehara M, D’Hondt S, Inagaki F (2020c) Aerobic 
microbial life persists in oxic marine sediment as old as 101.5 million years. Nat Commun 
11:3626. https://​doi.​org/​10.​1038/​s41467-​020-​17330-1

Moura MR, Jetz W (2021) Shortfalls and opportunities in terrestrial vertebrate species discovery. Nat 
Ecol Evol 5:631–639. https://​doi.​org/​10.​1038/​s41559-​021-​01411-5

Mucha L, Frankel TC, Sadof KD (2018) The hidden costs of cobalt mining. Washington Post. 28 Feb-
ruary 2018. https://​www.​washi​ngton​post.​com/​news/​in-​sight/​wp/​2018/​02/​28/​the-​cost-​of-​cobalt/ 
Accessed 16 Aug 2022

Mullineaux LS, Metaxas A, Braulieu SE, Bright M, Gollner S, Grupe BM, Herrera S, Kellner JB, 
Levin LA, Mitarai S, Neubert MG, Thurnherr AM, Tunnicliffe V, Watanabe HK, Won Y-J (2018) 
Exploring the ecology of deep-sea hydrothermal vents in a metacommunity framework. Front Mar 
Sci. https://​doi.​org/​10.​3389/​fmars.​2018.​00049

Muñoz-Royo C, Peacock T, Alford MH, Smith JA, Le Boyer A, Kulkami CS, Lermusiaux PFJ, Haley 
PJ Jr, Mirabito C, Wang D, Adams EE, Ouillon R, Breugem A, Decrop B, Lanckriet T, Supekar 
RB, Rzeznik AJ, Gartman A, Ju S-J (2021) Extent of impact of deep-sea nodule mining midwa-
ter plumes is influenced by sediment loading, turbulence and thresholds. Commun Earth Environ 
2:148. https://​doi.​org/​10.​1038/​s43247-​021-​00213-8

Myers N, Mittermeier RA, Mittermeier CGT, da Fonseca GAB, Kent J (2000) Biodiversity hotspots for 
conservation priorities. Nature 403:853–858. https://​doi.​org/​10.​1038/​35002​501

Myhre F (2021) Are we in too deep. Session 4. 20 October 2021. License to operate. Deep Sea Minerals 
2021, pp 31–32. https://​geoera.​eu/​wp-​conte​nt/​uploa​ds/​2021/​11/​MINDe​SEA_​D2-3-​5_​WP2-​Works​
hop-​Report.​pdf. Accessed 3 Jan 2023

Nic Lughadha E, Bachman SP, Leão TCC, Forest F, Halley JM, Moat J, Acedo C, Bacon KL, Brewer 
RFA, Gâteblé G, Gonçalves SC, Govaerts R, Hollingsworth PM, Krisae-Greilhuber I, de Lirio 
EJ, Moore PGP, Negrão R, Onana JM, Rajaovelona LR, Razanajatovo H et al (2020) Extinction 
risk and threats to plants and fungi. Plants People Planet 2:389–408. https://​doi.​org/​10.​1002/​ppp3.​
10146

Niner HJ, Ardron JA, Escobar EG, Gianni M, Jaeckel A, Jones DOB, Levin LA, Smith CR, Thiele T, 
Turner PJ, Van Dover CL, Watling L, Gjerde KM (2018) Deep-sea mining with no net loss of bio-
diversity—an impossible aim. Front Mar Sci. https://​doi.​org/​10.​3389/​fmars.​2018.​00053

Nkulu CBL, Casas L, Haufroid V, De Putter T, Saenen ND, Kayembe-Kitenge T, Obadia PM, Mukoma 
DKW, Ilunga J-ML, Nawrot TS, Numbi OL, Smolders E, Nemery B (2018) Sustainability of artisanal 
mining of cobalt in DR Congo. Nat Sustain 1(9):495. https://​doi.​org/​10.​1038/​s41893-​018-​0139-

NOAA (2022) What is The Great Barrier Reef? National Ocean Service website. https://​ocean​servi​ce.​
noaa.​gov/​facts/​gbrla​rgest​struc​ture.​html (Updated 28 April 2022, visited 16 August 2022)

Norris K, Terry A, Hansford JP, Turvey ST (2020) Biodiversity conservation and the earth system: mind 
the gap. Trends Ecol Evol 35(10):919–926. https://​doi.​org/​10.​1016/j.​tree.​2020.​06.​010

O’Hara CC, Frazier M, Halpern BS (2021) At-risk marine biodiversity faces extensive, expanding, and 
intensifying human impacts. Science 372(6537):84–87. https://​doi.​org/​10.​1126/​scien​ce.​abe67​31

https://doi.org/10.1126/sciadv.aau1873
https://doi.org/10.3389/fmars.2017.00418
https://doi.org/10.3389/fmars.2017.00418
https://doi.org/10.3389/fmars.2021.706161
https://www.mining.com/web/rushing-headlong-into-electrification-the-west-is-replacing-one-energy-master-with-another/.7
https://www.mining.com/web/rushing-headlong-into-electrification-the-west-is-replacing-one-energy-master-with-another/.7
https://doi.org/10.1098/rspb.2019.2643
https://doi.org/10.1371/journal.pbio.1001127
https://doi.org/10.1073/pnas.0910290107
https://doi.org/10.1038/s41467-020-17330-1
https://doi.org/10.1038/s41559-021-01411-5
https://www.washingtonpost.com/news/in-sight/wp/2018/02/28/the-cost-of-cobalt/
https://doi.org/10.3389/fmars.2018.00049
https://doi.org/10.1038/s43247-021-00213-8
https://doi.org/10.1038/35002501
https://geoera.eu/wp-content/uploads/2021/11/MINDeSEA_D2-3-5_WP2-Workshop-Report.pdf
https://geoera.eu/wp-content/uploads/2021/11/MINDeSEA_D2-3-5_WP2-Workshop-Report.pdf
https://doi.org/10.1002/ppp3.10146
https://doi.org/10.1002/ppp3.10146
https://doi.org/10.3389/fmars.2018.00053
https://doi.org/10.1038/s41893-018-0139-
https://oceanservice.noaa.gov/facts/gbrlargeststructure.html
https://oceanservice.noaa.gov/facts/gbrlargeststructure.html
https://doi.org/10.1016/j.tree.2020.06.010
https://doi.org/10.1126/science.abe6731


1160	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Oliver TH, Heard MS, Isaac NJB, Martín-López B, Woodcock BA, Bullock JM (2015) Biodiversity and 
resilience of ecosystem functions. Trends Ecol Evol 30(11):673–684. https://​doi.​org/​10.​1016/j.​
tree.​2015.​08.​009

Orejas C, Kenchington E, Rice J, Kazanidis G, Palialexis A, Johnson D, Gianni M, Danovaro R, Roberts 
JM (2020) Towards a common approach to the assessment of the environmental status of deep-
sea ecosystems in areas beyond national jurisdiction. Mar Policy. https://​doi.​org/​10.​1016/j.​marpol.​
2020.​104182

Paoletti A, Darras K, Jayanto H, Grass I, Kusrini M, Tscharntke T (2018) Amphibian and reptile com-
munities of upland and riparian sites across Indonesian oil palm, rubber and forest. Global Ecol 
Conserv 16:e00492. https://​doi.​org/​10.​1016/j.​gecco.​2018.​e00492

Patrick CJ, McCluney KE, Ruhi A, Gregory A, Sabo J, Thorp JH (2021) Multi-scale biodiversity drives 
temporal variability in macrosystems. Front Ecol Environ. https://​doi.​org/​10.​1002/​fee.​2297

Paulikas D, Katona S, Ilves E, Ali SH (2020a) Climate change impact comparison of battery metals pro-
duced from land ores versus deep-sea polymetallic nodules. J Clean Prod 275:123822. https://​doi.​
org/​10.​1016/j.​jclep​ro.​2020.​123822

Paulikas D, Katona S, Ilves E, Stone G, O’Sullivan A (2020b) Where should metals for the green transi-
tion come from? Comparing environmental, social, and economic impacts of supplying base met-
als from land ores and seafloor polymetallic nodules. White Paper. https://​metals.​co/​resea​rch/

Paulikas D, Katona S, Ilves E, Ali SH (2022) Deep-sea nodules vs. land ores: A comparative systems 
analysis of mining and processing wastes for battery-metal supply chains. J Ind Ecol. https://​doi.​
org/​10.​1111/​jiec.​13225

Paulus E (2021) Shedding light on deep-sea biodiversity—a highly vulnerable habitat in the face of 
anthropogenic change. Front Mar Sci. https://​doi.​org/​10.​3389/​fmars.​2021.​667048

Peet RK (1974) The measurement of species diversity. Annu Rev Ecol Syst 5:285–307. https://​doi.​org/​
10.​1146/​annur​ev.​es.​05.​110174.​001441

Pennisi E (2021) Getting the big picture of biodiversity. Science 374(6570):926–931. https://​doi.​org/​10.​
1126/​scien​ce.​acx96​37

Pimiento C, Leprieur F, Silvestro D, Lefcheck JS, Albouy C, Rasher DB, Davis M, Svenning J-C, Griffin 
JN (2020) Functional diversity of marine megafauna in the Anthropocene. Sci Adv 6(16):eaay7650

Plotkin JB, Potts MD, Yu DW, Sarayudh Bunyavejchewin S, Condit R, Foster R, Hubbell S, LaFrankie J, 
Manokaran N, Seng LH, Sukumar R, Nowak MA, Ashton PS (2000) Predicting species diversity 
in tropical forests. Proc Natl Acad Sci USA 97(20):10850–10854. https://​doi.​org/​10.​1073/​pnas.​97.​
20.​10850

Pörtner HO, Scholes RJ, Agard J, Archer E, Arneth A, Bai X, Barnes D, Burrows M, Chan L, Cheung 
WL, Diamond S, Donatti C, Duarte C, Eisenhauer N, Foden W, Gasalla MA, Handa C, Hickler T, 
Hoegh-Guldberg O et al (2021) IPBES-IPCC co-sponsored workshop report on biodiversity and 
climate change; IPBES and IPCC.https://​doi.​org/​10.​5281/​zenodo.​47825​38

Powers RP, Jetz W (2019) Global habitat loss and extinction risk of terrestrial vertebrates under 
future land-use-change scenarios. Nat Clim Change 9:323–329. https://​doi.​org/​10.​1038/​
s41558-​019-​0406-z

Préat N, Lefaible N, Alvarenga RAF, Taelman SE, Dewulf J (2021) Development of a life cycle impact 
assessment framework accounting for biodiversity in deep seafloor ecosystems: a case study on 
the Clarion Clipperton Fracture Zone. Sci Total Environ. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​
144747

Proctor J, Anderson JM, Chai P, Vallack HW (1983) Ecological studies in four contrasting lowland rain 
forests in Gunung Mulu National Park, Sarawak: I. Forest environment, structure and floristics. J 
Ecol 71(1):237–260. https://​doi.​org/​10.​2307/​22599​75

Pugnaire FI, Morillo JA, Peñuelas J, Reich PB, Bardgett RD, Gaxiola A, Wardle DA, van der Putten 
WH (2019) Climate change effects on plant-soil feedbacks and consequences for biodiversity and 
functioning of terrestrial ecosystems. Sci Adv 5(11):1834. https://​doi.​org/​10.​1126/​sciadv.​aaz18​34

Purser A, Morcon Y, Hoving H-JT, Vecchione M, Piatkowski U, Eason D, Bluhm H, Botius A (2016) 
Association of deep-sea incirrate octopods with manganese crusts and nodule fields in the Pacific 
Ocean. Curr Biol 26:R1247–R1271

Ramirez KS, Leff JW, Barberán A, Bates ST, Betley J, Crowther TW, Kelly EF, Oldfield EE, Shaw EA, 
Steenbock C, Bradford MA, Wall DH, Fierer N (2014) Biogeographic patterns in below-ground 
diversity in New York City’s Central Park are similar to those observed globally. Proc R Soc B. 
https://​doi.​org/​10.​1098/​rspb.​2014.​1988

Ramirez-Llodra E, Tyler PA, Baker MC, Bergstad OA, Clark MR, Escobar E, Levin LA, Menot L, Row-
den AA, Smith CR, Van Dover CL (2011) Man and the last great wilderness: human impact on the 
deep sea. PLoS ONE 6(8):e22588. https://​doi.​org/​10.​1371/​journ​al.​pone.​00225​88

https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.marpol.2020.104182
https://doi.org/10.1016/j.marpol.2020.104182
https://doi.org/10.1016/j.gecco.2018.e00492
https://doi.org/10.1002/fee.2297
https://doi.org/10.1016/j.jclepro.2020.123822
https://doi.org/10.1016/j.jclepro.2020.123822
https://metals.co/research/
https://doi.org/10.1111/jiec.13225
https://doi.org/10.1111/jiec.13225
https://doi.org/10.3389/fmars.2021.667048
https://doi.org/10.1146/annurev.es.05.110174.001441
https://doi.org/10.1146/annurev.es.05.110174.001441
https://doi.org/10.1126/science.acx9637
https://doi.org/10.1126/science.acx9637
https://doi.org/10.1073/pnas.97.20.10850
https://doi.org/10.1073/pnas.97.20.10850
https://doi.org/10.5281/zenodo.4782538
https://doi.org/10.1038/s41558-019-0406-z
https://doi.org/10.1038/s41558-019-0406-z
https://doi.org/10.1016/j.scitotenv.2020.144747
https://doi.org/10.1016/j.scitotenv.2020.144747
https://doi.org/10.2307/2259975
https://doi.org/10.1126/sciadv.aaz1834
https://doi.org/10.1098/rspb.2014.1988
https://doi.org/10.1371/journal.pone.0022588


1161Biodiversity and Conservation (2023) 32:1125–1164	

1 3

Kew RBG (2016) The State of the World’s Plants Report—2016. Royal Botanic Gardens, Kew
Reuter (2021) Google, BMW, AB Volvo, Samsung back environmental call for pause on deep-sea min-

ing. https://​www.​reute​rs.​com/​busin​ess/​susta​inable-​busin​ess/​google-​bmw-​volvo-​samsu​ng-​sdi-​sign-​
up-​wwf-​call-​tempo​rary-​ban-​deep-​sea-​mining-​2021-​03-​31/. Accessed 16 Aug 2022

Rice B, Westoby M (1983) Plant species richness at the 0.1 hectare scale in Australian vegetation com-
pared to other continents. Vegetatio 52:129–140. https://​doi.​org/​10.​1007/​BF000​44988

Richir J, Bray S, McAleese T, Watson GJ (2021) Three decades of trace element sediment contamina-
tion: the mining of governmental databases and the need to address hidden sources for clean and 
healthy seas. Environ Int 149:106362. https://​doi.​org/​10.​1016/j.​envint.​2020.​106362

Riehl T, De Smet B (2020) Macrostylis metallicola spec. nov.--an isopod with geographically clustered 
genetic variability from a polymetallic-nodule area in the Clarion-Clipperton Fracture Zone. PeerJ. 
8:e8621. https://​doi.​org/​10.​7717/​peerj.​8621

Ritter CD, Faurby S, Bennett DJ, Naka LN, ter Steege H, Zizka A, Haenel Q, Nilsson RH, Antonelli A 
(2019) The pitfalls of biodiversity proxies: differences in richness patterns of birds, trees and under-
studied diversity across Amazonia. Sci Rep 9:19205. https://​doi.​org/​10.​1038/​s41598-​019-​55490-3

Robison B (2009) Conservation of deep pelagic biodiversity. Conserv Biol 23:847–858. https://​doi.​org/​
10.​1111/j.​1523-​1739.​2009.​01219.x

Rounsevell MDA, Harfoot M, Harrison PA, Newbold T, Gregory RD, Mace GM (2020) A biodiversity 
target based on species extinctions. Science 368(6496):1193–1195

Salikin NH, Nappi J, Majzoub ME, Egan S (2020) Combating parasitic nematode infections, newly dis-
covered antinematode compounds from marine epiphytic bacteria. Microorganisms 8(12):1963. 
https://​doi.​org/​10.​3390/​micro​organ​isms8​121963

Sánchez-Bayo F, Wyckhuys KAG (2019) Worldwide decline of the entomofauna: a review of its drivers. 
Biol Conserv 232:8–27. https://​doi.​org/​10.​1016/j.​biocon.​2019.​01.​020

Scherzer S, Federle W, Al-Raxheid KAS, Hedrich R (2019) Venus flytrap trigger hairs are micronewton 
mechano-sensors that can detect small insect prey. Nat Plants 5:670–675. https://​doi.​org/​10.​1038/​
s41477-​019-​0465-1

Schmidt Ocean Institute (2020) New species discovered during exploration of abyssal deep-sea canyons off 
Ningaloo. https://​schmi​dtoce​an.​org/​new-​speci​es-​disco​vered-​during-​explo​ration-​of-​abyss​al-​deep-​sea-​
canyo​ns-​off-​ninga​loo/

Scholes R, Biggs RA (2005) Biodiversity intactness index. Nature 434:45–49. https://​doi.​org/​10.​1038/​natur​
e03289

Schratzberger M, Holterman M, Van Oevelen D, Helder J (2019) A worm’s world: ecological flexibility 
pays off for free-living nematodes in sediments and soils. Bioscience 69:867–876. https://​doi.​org/​10.​
1093/​biosci/​biz086

Sergeant C, Olden JD (2020) Mine waste dams threaten the environment, even when they don’t fail. The 
Conversation. https://​theco​nvers​ation.​com/​mine-​waste-​dams-​threa​ten-​the-​envir​onment-​even-​whenIy-​
I-​fail-​130770. Accessed 24 Feb 2020

Severtsov AS (2013) The significance of vertebrates in the structure and functioning of ecosystems. Biol 
Bull Russ Acad Sci 40:571–579. https://​doi.​org/​10.​1134/​S1062​35901​30700​54

Sheikh SI, Ward AKG, Zhang YM, Davis CK, Zhang L, Egan SP, Forbes AA (2022) Ormyrus labotus 
(Hymenoptera: Ormyridae): another generalist that should not be a generalist is not a generalist. 
Insect Syst Divers 6(1):8. https://​doi.​org/​10.​1093/​isd/​ixac0​01

Sheldrake M (2020) Entangled Life. How Fungi Make Our World, Change our Minds and Shape Our 
Futures. Random House.

Sigwart J, Bennett KD, Edie SM, Mander L, Okamura B, Padian K, Wheeler Q, Winston JE, Yeung NW 
(2018) Measuring biodiversity and extinction—present and past. Integr Comp Biol 58(6):1111–1117. 
https://​doi.​org/​10.​1093/​icb/​icy113

Simard S (2021) Finding the Mother Tree. Discovering the Wisdom of the Forest. Alfred A. Knopf, New 
York

Simon-Lledó E, Bett BJ, Huvenne VAI, Koser K, Schoening T, Greinert J, Jones DOB (2019a) Biologi-
cal effects 26 years after simulated deep-sea mining. Sci Rep 9:8040. https://​doi.​org/​10.​1038/​
s41598-​019-​44492-w

Simon-Lledó E, Bett BJ, Huvenne VAI, Schoening T, Benoist NMA, Jeffreys RM, Durden JM, Jones DOB 
(2019b) Megafaunal variation in the abyssal landscape of the Clarion Clipperton Zone. Prog Ocean-
ogr 170:119–133. https://​doi.​org/​10.​1016/j.​pocean.​2018.​11.​003

Simpson E (1949) Measurement of diversity. Nature 163:688. https://​doi.​org/​10.​1038/​16368​8a0
Sissig AAH, Ellison AM, Ochs A, Villar-Leeman C, Lau MK (2016) How do ecologists select and use 

indicator species to monitor ecological change? Insights from 14 years of publication in Ecological 
Indicators. Ecol Ind 60:223–230

https://www.reuters.com/business/sustainable-business/google-bmw-volvo-samsung-sdi-sign-up-wwf-call-temporary-ban-deep-sea-mining-2021-03-31/
https://www.reuters.com/business/sustainable-business/google-bmw-volvo-samsung-sdi-sign-up-wwf-call-temporary-ban-deep-sea-mining-2021-03-31/
https://doi.org/10.1007/BF00044988
https://doi.org/10.1016/j.envint.2020.106362
https://doi.org/10.7717/peerj.8621
https://doi.org/10.1038/s41598-019-55490-3
https://doi.org/10.1111/j.1523-1739.2009.01219.x
https://doi.org/10.1111/j.1523-1739.2009.01219.x
https://doi.org/10.3390/microorganisms8121963
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1038/s41477-019-0465-1
https://doi.org/10.1038/s41477-019-0465-1
https://schmidtocean.org/new-species-discovered-during-exploration-of-abyssal-deep-sea-canyons-off-ningaloo/
https://schmidtocean.org/new-species-discovered-during-exploration-of-abyssal-deep-sea-canyons-off-ningaloo/
https://doi.org/10.1038/nature03289
https://doi.org/10.1038/nature03289
https://doi.org/10.1093/biosci/biz086
https://doi.org/10.1093/biosci/biz086
https://theconversation.com/mine-waste-dams-threaten-the-environment-even-whenIy-I-fail-130770
https://theconversation.com/mine-waste-dams-threaten-the-environment-even-whenIy-I-fail-130770
https://doi.org/10.1134/S1062359013070054
https://doi.org/10.1093/isd/ixac001
https://doi.org/10.1093/icb/icy113
https://doi.org/10.1038/s41598-019-44492-w
https://doi.org/10.1038/s41598-019-44492-w
https://doi.org/10.1016/j.pocean.2018.11.003
https://doi.org/10.1038/163688a0


1162	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Smith CR, Gaines S, Watling L, Friedlander A, Morgan C, Thurnherr A, Mincks S, Rogers A, Clark M, 
Baco-Taylor A, Bernardino A, De Leo F, Dutrieux P, Rieser A, Kittinger J, Padilla-Gamino J, Prescott 
R, Srsen P (2010) Areas of Particular Environmental Interest (or “Protected Areas”) for Ecosystem 
Based Management of the ClarionClipperton Zone: Rationale and Recommendations to the Interna-
tional Seabed Authority. https://​www.​isa.​org.​jm/​files/​docum​ents/​EN/​Works​hops/​2010/​Pres/​SMITH.​
pdf.

Smith CR, Tunnicliffe B, Colaço A, Sweetman AK, Washburn T, Amon D (2020) Deep-sea misconceptions 
cause underestimation of seabed-mining impacts. Science 35(10):853–857. https://​doi.​org/​10.​1016/j.​
tree.​2020.​07.​002

Snelgrove P, Smith CR (2002) A riot of species in an environmental calm: the paradox of the species-rich 
deep-sea floor. Oceanogr Mar Biol: Annu Rev 40:311–342

Sonter LJ, Ali SH, Watson JEM (2018) Mining and biodiversity: key issues and research needs in conserva-
tion science. Proc R Soc B 285:20181926. https://​doi.​org/​10.​1098/​rspb.​2018.​1926

Steidinger BS, Crowther TW, Liang J, Van Nuland ME, Werner GDA, Reich PB, Nabuurs GJ, de Miguel 
S, Zhou M, Picard N, Herault B, Zhao X, Zhang C, Routh D, Peay KG (2019) Climatic controls of 
decomposition drive the global biogeography of forest-tree symbioses. Nature 569:404–408. https://​
doi.​org/​10.​1038/​s41586-​019-​1128-0

Stork NE (2018) How many species of insects and other terrestrial arthropods are there on earth? Annu Rev 
Entomol 63:31–45. https://​doi.​org/​10.​1146/​annur​ev-​ento-​020117-​043348

Stratmann T, Soetaert K, Kersken D, van Oevelen D (2021) Polymetallic nodules are essential for food-web 
integrity of a prospective deep-seabed mining area in pacific abyssal plains. Sci Rep 11(12238):2021. 
https://​doi.​org/​10.​1038/​s41598-​021-​91703-4

Suttle CA (2005) Viruses in the sea. Nature 437:356–361. https://​doi.​org/​10.​1038/​natur​e04160
Suttle CA (2007) Marine viruses—major players in the global ecosystem. Nat Rev Microbiol 5:801–812. 

https://​doi.​org/​10.​1038/​nrmic​ro1750
Sweetman AK, Smith CR, Shulse CN, Maillot B, Lindh M, Church J, Meyer KS, van Oevelen D, Strat-

mann T, Gooday AJ (2018) Key role of bacteria in the short-term cycling of carbon at the abys-
sal seafloor in a low particulate organic carbon flux region of the eastern Pacific Ocean. Limnol 
Oceanogr 64:694–713. https://​doi.​org/​10.​1002/​lno.​11069

Teixeira H, Berg T, Uusitalo L, Fürhaupter K, Heiskanen A-S, Mazik K, Lynam CP, Neville S, 
Rodriquez JM, Papadopoulou N, Moncheva S, Churilova T, Kryvenko O, Krause-Jensen D, Zaiko 
A, Verissimo H, Pantazi M, Carvalho S, Patricio J, Uyarra MC, Borja A (2016) A catalogue of 
marine biodiversity Indicators. Front Mar Sci 3:207. https://​doi.​org/​10.​3389/​fmars.​2016.​00207

Thakur MP, van der Putten WH, Cobben MMP, van Kleunen M, Geisen S (2019) Microbial invasions in 
terrestrial ecosystems. Nat Rev Microbiol 17:621–631. https://​doi.​org/​10.​1038/​s41579-​019-​0236-z

Théel H (1882) Report on the Holothuroidea, dredged by H.M.S. Challenger during the years 1873–76. 
Part i. Report on the Scientific Results of the Voyage of H.M.S. Challenger during the years 1873–
1876. Zoology. 4 (part 13): i-ix, 1–176, pl. 1–46

Thiollay J (1994) Structure, density and rarity in an Amazonian rainforest bird community. J Trop Ecol 
10(4):49–481. https://​doi.​org/​10.​1017/​S0266​46740​00081​54

Thomsen PF, Willerslev E (2014) Environmental DNA—an emerging tool in conservation for monitor-
ing past and present biodiversity. Biol Conserv 183:4–18. https://​doi.​org/​10.​1016/j.​biocon.​2014.​
11.​019

Thurber AR, Sweetman AK, Narayanaswamy BE, Jones DOB, Ingels J, Hansman RL (2014) Ecosystem 
function and services provided by the deep sea. Biogeosciences 11:3941–3963. https://​doi.​org/​10.​
5194/​bg-​11-​3941-​2014

Tibbett M, Fraser TD, Duddigan S (2020) Identifying potential threats to soil biodiversity. PeerJ 
8:e9271. https://​doi.​org/​10.​7717/​peerj.​9271

Tickner D, Opperman JJ, Abell R, Acreman M, Arthington AH, Bunn SE, Cooke SJ, Dalton J, Darwall W, 
Edwards G, Harrison I, Hughes K, Jones T, Leclère D, Lynch AJ, Leonard P, McClain ME, Muruven 
D, Olden JD, Ormerod SJ et al (2020) Bending the curve of global freshwater biodiversity loss: an 
emergency recovery plan. Bioscience 70(4):330–342. https://​doi.​org/​10.​1093/​biosci/​biaa0​02

Tilot V, Ormond R, Navas JM, Catalá TS (2018) The benthic megafaunal assemblages of the CCZ (East-
ern Pacific) and an approach to their management in the face of threatened anthropogenic impacts. 
Front Mar Sci 5:7. https://​doi.​org/​10.​3389/​fmars.​2018.​00007

Tolvanen A, Eilu P, Juutinen A, Kangas K, Kivinen M, Markovaara-Kovisto M, Naskali A, Salokannel V, 
Tuulentie S, Similä J (2018) Mining in the arctic environment—a review from ecological, socioeco-
nomic and legal perspectives. J Environ Manage. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​11.​124

UN (2020) Revised draft text of an agreement under the United Nations Convention on the Law of 
the Sea on the conservation and sustainable use of marine biological diversity of areas beyond 

https://www.isa.org.jm/files/documents/EN/Workshops/2010/Pres/SMITH.pdf
https://www.isa.org.jm/files/documents/EN/Workshops/2010/Pres/SMITH.pdf
https://doi.org/10.1016/j.tree.2020.07.002
https://doi.org/10.1016/j.tree.2020.07.002
https://doi.org/10.1098/rspb.2018.1926
https://doi.org/10.1038/s41586-019-1128-0
https://doi.org/10.1038/s41586-019-1128-0
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1038/s41598-021-91703-4
https://doi.org/10.1038/nature04160
https://doi.org/10.1038/nrmicro1750
https://doi.org/10.1002/lno.11069
https://doi.org/10.3389/fmars.2016.00207
https://doi.org/10.1038/s41579-019-0236-z
https://doi.org/10.1017/S0266467400008154
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.5194/bg-11-3941-2014
https://doi.org/10.5194/bg-11-3941-2014
https://doi.org/10.7717/peerj.9271
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.3389/fmars.2018.00007
https://doi.org/10.1016/j.jenvman.2018.11.124


1163Biodiversity and Conservation (2023) 32:1125–1164	

1 3

national jurisdiction. In: Intergovernmental conference on an international legally binding instru-
ment under the United Nations Convention on the Law of the Sea on the conservation and sustain-
able use of marine biological diversity of areas beyond national jurisdiction. Fourth session. New 
York, 23 March–3 April 2020. https://​undocs.​org/​en/a/​conf.​232/​2020/3

USFWS (2021) Endangered and threatened wildlife and plants: removal of 23 extinct species from the lists 
of endangered and threatened wildlife and plants. A proposed rule by the fish and wildlife service 
on 09/30/2021. Federal Register. https://​www.​feder​alreg​ister.​gov/​docum​ents/​2021/​09/​30/​2021-​21219/​
endan​gered-​and-​threa​tened-​wildl​ife-​and-​plants-​remov​al-​of-​23-​extin​ct-​speci​es-​from-​the-​lists-o

Valckx M, Stuermer M, Seneviratne D, Prasad A (2021) Metals demand from energy transition may top 
current global supply. IMFBlog 8 December 2021. International Monetary Fund, Washington DC

Valenta RK, Kemp D, Owen JR, Corder GD, Lebre E (2019) Re-thinking complex orebodies: conse-
quences for the future world supply of copper. J Clean Prod 220:816–826. https://​doi.​org/​10.​
1016/j.​jclep​ro.​2019.​02.​146

van den Hoogen J, Geisen S, Routh D, Ferns H, Traunspurger W, Wardle DA, de Goede RGM, Adams 
BJ, Ahmad W, Andriuzzi WS, Bardgett RD, Bonkowski M, Campos-Herrera R, Cares JE, Caruso 
T, de Caixeta LB, Chen X, Costa SR, Creamer R, da Castro JMC et al (2019) Soil nematode abun-
dance and functional group composition at a global scale. Nature 572:194–198. https://​doi.​org/​10.​
1038/​s41586-​019-​1418-6

Van Dover CL (2014) Impacts of anthropogenic disturbances at deep-sea hydrothermal vent ecosystems: 
a review. Mar Environ Res 102:59–72. https://​doi.​org/​10.​1016/j.​maren​vres.​2014.​03.​008

Van Dover CL, Ardrun JA, Escobar E, Gianni M, Gjerde KM, Jaeckel A, Jones DOB, Levin LA, Niner 
HJ, Pendleton L, Smith CR, Thiele T, Turner PJ, Watling L, Weaver PPE (2017) Biodiversity loss 
from deep-sea mining. Nat Geosci 10:464–465. https://​doi.​org/​10.​1038/​ngeo2​983

van Welzen PC, Guerrero SA, Arifiani D, Bangun TJF, Bouman RW, Eurlings MCM, Gushilman I, Phillip-
son PB, Tabak I, Winkel E, Wurdac KJ (2020) Euphorbiaceae-Crotonoideae from Halmahera (North 
Maluku, Indonesia) and phylogenetic relationships of the Australasian tribe Ricinocarpeae. J Syst 
Evol. https://​doi.​org/​10.​1111/​jse.​12581

Vargas-Gastélum L, Riquelme M (2020) The Mycobiota of the deep sea: what omics can offer. Life 10:292. 
https://​doi.​org/​10.​3390/​life1​01102​92

Vellend M (2017) The biodiversity conservation paradox. American Scientist 105(2):94. https://​doi.​org/​10.​
1511/​2017.​125.​94

Verissimo D, MacMillan DC, Smith RJ (2011) Toward a systematic approach for identifying conservation 
flagships. Conserv Lett 4:1–8. https://​doi.​org/​10.​1111/j.​1755-​263X.​2010.​00151.x

Vonnahme T, Molari M, Janssen F, Wenzhofer F, Haeckel M, Titschack J, Boetius A (2020) Effects of a 
deep-sea mining experiment on seafloor microbial communities and functions after 26 years. Sci Adv 
6:eaaz5922. https://​doi.​org/​10.​1126/​sciadv.​aaz59​22

Wagner D, Friedlander AM, Pyle RL, Brooks CM, Gjerde KM, Wilhelm TA (2020) Coral reefs of the high 
seas: hidden biodiversity hotspots in need of protection. Front Mar Sci 7:776. https://​doi.​org/​10.​3389/​
fmars.​2020.​567428/​full

Watermeyer K, Guillera-Arroita G, Bal P, Burgass M, Bland L, Collen B, Hallam C, Kelly L, McCarthy M, 
Regan T, Stevenson S, Wintle B, Nicholson E (2021) Using decision science to evaluate global biodi-
versity indices. Conserv Biol 35(2):492–501. https://​doi.​org/​10.​1111/​cobi.​13574

Watling L and Auster PJ (2017) Seamounts on the high seas should be managed as Vulnerable Marine 
Areas. Frontiers in Marine Science 4. https://​doi.​org/​10.​3389/​fmars.​2017.​00014

Wear EK, Church MJ, Orcutt BN, Shulse CN, Lindh MV, Smith CR (2021) Bacterial and archaeal com-
munities in polymetallic nodules, sediments, and bottom waters of the abyssal Clarion-Clipperton 
Zone: emerging patterns and future monitoring considerations. Front Mar Sci 8:480. https://​doi.​org/​
10.​3389/​fmars.​2021.​634803

Weaver PP, Billett D (2019) Environmental impacts of nodule, crust and sulphide mining: an overview. 
In: Sharma R (ed) Environmental issues of deep-sea mining—impacts, consequences and policy. 
Springer, Berlin, pp 27–62. https://​doi.​org/​10.​1007/​978-3-​030-​12696-4_3

Welsh JE, Steenhuis P, de Moraes KR, van der Meer J, Thieltges DW, Brussaard CPD (2020) Marine virus 
predation by non-host organisms. Sci Rep 10:5221. https://​doi.​org/​10.​1038/​s41598-​020-​61691-y

Williams R, Erbe C, Kimberly AB, Travis N, Smith C (2022) Noise from deep-sea mining may span vast 
ocean areas. Potential harm is understudied and largely overlooked. Science 377(6602):157–158. 
https://​doi.​org/​10.​1126/​scien​ce.​abo28​04

Winkler K, Fuchs R, Rounsevell M, Herold M (2021) Global land use changes are four times greater than 
previously estimated. Nat Commun 12:2501. https://​doi.​org/​10.​1038/​s41467-​021-​22702-2

Witkin SS, Linhares IM (2016) Why do lactobacilli dominate the human vaginal microbiota? Br J Obstet 
Gynaecol 124:606–611. https://​doi.​org/​10.​1111/​1471-​0528.​14390

https://undocs.org/en/a/conf.232/2020/3
https://www.federalregister.gov/documents/2021/09/30/2021-21219/endangered-and-threatened-wildlife-and-plants-removal-of-23-extinct-species-from-the-lists-o
https://www.federalregister.gov/documents/2021/09/30/2021-21219/endangered-and-threatened-wildlife-and-plants-removal-of-23-extinct-species-from-the-lists-o
https://doi.org/10.1016/j.jclepro.2019.02.146
https://doi.org/10.1016/j.jclepro.2019.02.146
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1016/j.marenvres.2014.03.008
https://doi.org/10.1038/ngeo2983
https://doi.org/10.1111/jse.12581
https://doi.org/10.3390/life10110292
https://doi.org/10.1511/2017.125.94
https://doi.org/10.1511/2017.125.94
https://doi.org/10.1111/j.1755-263X.2010.00151.x
https://doi.org/10.1126/sciadv.aaz5922
https://doi.org/10.3389/fmars.2020.567428/full
https://doi.org/10.3389/fmars.2020.567428/full
https://doi.org/10.1111/cobi.13574
https://doi.org/10.3389/fmars.2017.00014
https://doi.org/10.3389/fmars.2021.634803
https://doi.org/10.3389/fmars.2021.634803
https://doi.org/10.1007/978-3-030-12696-4_3
https://doi.org/10.1038/s41598-020-61691-y
https://doi.org/10.1126/science.abo2804
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1111/1471-0528.14390


1164	 Biodiversity and Conservation (2023) 32:1125–1164

1 3

Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, Halpern BS, Jackson JBC, Lotze HK, Micheli F, 
Palumbi SR, Sala E, Selkoe KA, Stachowicz JJ, Watson R (2006) Impacts of biodiversity loss on 
ocean ecosystem services. Science 314:787–790

WWF (2020) Living Planet Report 2020. In: Almond REA, Grooten M, Petersen T (eds) Bending the curve 
of biodiversity loss. WWF, Gland

Zelnio K (2009) (Seive) Size matters. www.​deeps​eanews.​com/​2009/​10/​sieve-​size-​matte​rs/. Accessed 27 Oct 2009
Zinssmeister C, Wilke T, Hoppenrath M (2017) Species diversity of dinophysoid dinoflagellates in the Clar-

ion-Clipperton Fracture Zone, eastern Pacific. Mar Biodivers 47:271–287. https://​doi.​org/​10.​1007/​
s12526-​016-​0607-x

Zou D, Liu H, Li M (2020) Community, distribution, and ecological roles of estuarine Archaea. Front 
Microbiol 11:2060. https://​doi.​org/​10.​3389/​fmicb.​2020.​02060

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Authors and Affiliations

Steven Katona1   · Daina Paulikas2 · Saleem Ali3,4 · Michael Clarke5 · Erika Ilves5 · 
Thomas E. Lovejoy6 · Laurence P. Madin7 · Gregory S. Stone5

 *	 Steven Katona 
	 steven.katona1@gmail.com

1	 College of the Atlantic, 105 Eden St, Bar Harbor, ME 04609, USA
2	 Minerals, Materials and Society Program, Department of Geography and Spatial Sciences, Pearson 

Hall, University of Delaware, Newark, DE 19711, USA
3	 Department of Geography & Spatial Sciences and Joseph R. Biden School of Public Policy, 

University of Delaware, Newark, DE 19711, USA
4	 Sustainable Minerals Institute, The University of Queensland, Level 4, Sir James Foots Building 

(No. 47A), St Lucia, QLD 4072, Australia
5	 The Metals Company (Formerly DeepGreen Metals, Inc.), 10Th Floor, 595 Howe Street, 

Vancouver, BC V6C 2T5, Canada
6	 Environmental Science and Policy Department, George Mason University, Fairfax, 

VA 22030‑4444, USA
7	 Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA

http://www.deepseanews.com/2009/10/sieve-size-matters/
https://doi.org/10.1007/s12526-016-0607-x
https://doi.org/10.1007/s12526-016-0607-x
https://doi.org/10.3389/fmicb.2020.02060
http://orcid.org/0000-0002-7993-4548

	Land and deep-sea mining: the challenges of comparing biodiversity impacts
	Abstract
	Introduction
	Biodiversity definitions
	Biodiversity
	Biodiversity loss
	Indicators, composite indicators, and indices

	Biodiversity measurement and its challenges
	Phase I: measurement
	Challenges

	Phase II: indicators and indices
	Challenges

	Phase III: comparison and interpretation
	Challenges


	Value considerations in biodiversity
	Existence value beyond a single index
	Resilience values
	Recognized value categories
	Ecosystem services benefits
	Ambiguous value of high biodiversity indices (case: nematodes)

	Comparing biodiversity between land and the deep sea
	Microbes
	Vascular plants
	Phylogenetic diversity
	Inconsistent criteria for size classification
	Dearth of indicators or historical data for the deep sea
	Casual declarations of ‘high’ biodiversity

	Discussion
	Conclusion
	Acknowledgements 
	References




