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INTRODUCTION

1. The International Seabed Authority (ISA) is the organization through which, in accordance with
the UN Convention on the Law of the Sea (fAithe C
i mpl ementation of Part XI o f e Gthtes P&tente thenQomvention ( A 1 9 ¢

administer the mineral resources of the Area, and control and organize current exploration, as well as
future mining activities, in the Area for the benefit of mankind as a whole.

2. The Authority is also mandated to téakecessary measures with respect to activities in the Area

to ensure effective protection for the marine environment from harmful effects from activities in the Area
and to adopt appropriate rules, regulations and procedurastéar alia, the preventio, reduction and

control of pollution and other hazards to the marine environment, the protection and conservation of the
natural resources of the Area and the prevention of damage to the flora and fauna of the marine
environment.

3. Pursuant to this malate, the Council of ISA (Council), during its seventeenth session in 2012, on

the basis of the recommendation of the Legal and Technical Commission, apprnovtsdgecision
ISBA/18/C/22 an Environmental Management Plan (EMP) for the Cla@GbppertonZone (CCZ)2 This
included the designation of a network of nine HAATr
integral part of that plan.

4, Likewise, in accordance with the abeweted decision, the Council requested the Legal and
Technical Commission (Commission) to report to the Council on the implementation of the
environmental management plan, highlighting that the Plan will be applied in a flexible manner so that it
may be improved as more scientific, technical and environmental baastineesource assessment data

are supplied by contractors and other interested bodies. Furthermore, it requested the Commission to
make recommendations, where appropriate, to the Council relating to the network of APEIs, on the basis
of the results of worshops with a view to redefining, where necessary, the details of the size, location
and number of required areas of particular environmental interest.

5. Subsequently, in July 2016, the Commission considered a report prepared by the sexirtariat
which the progress made in the implementation of the plan and the steps to be taken until 2021 were
recalled. In its deliberations, the Commission also noted the suggestion to create two additional APEIs,
based on new work by contractoffie Commission decidead consider holding a scientific workshop to
determine the suitability or need for amendment of the APEIs, indicating that such a scientific workshop
should define the size, location and number of additional areas for APEls in order to enable the
Commissiom to make a recommendation to the Counacil.

6. The design of the APEI network was based on recommendations formulated in a wankshop
2007 organized/chaired by Craig R. Smith, J. Tony Koslow and Malcolm R. Clark with funding from the
Pew Charitable Trustdhe workshopexamined elements of protectacka design and synthesized the
biodiversity and ecosystem data from the CCZ available at the time. Since then, a substantial number of
research and contractor surveys have been condwgthoh the CCZ region As a result, seafloor
biodiversity and ecosystem datavhdeen collected in the CCZ, including from several APEIs, which

1 United Nations Convention on the Law of the Sea, art.145.
2 See ISBA/17/LTC/7ISBA/17/C/19 and ISBA/18/C/22.
3ISBA/22/LTC/12

4 See ISBA/22/C/17.



provide the basis for a new scientific review and synthesis in supperredfiew of the CCZ APEI
network.

7. Part of the revievprocess currently underway by the LTC includes the consideration of potential
addi tional APEls that could be established in ord
the new data from existing APEIs, and evaluation of biodiversity pattelatsve to contractor areas, are

highly relevant to considering the effectiveness of the current AlEvVork andto the siting of new

APElIsif additional protection isvarranted

8. In light of this context, e ISA and the DeepCCZ Project (University of Hawaii) convened an
expert workshopitled Deep CCZ Biodiversity SynthesisFriday Harbor, Washington, USA, from 1 to 4
October 2019, with financial support from the GordoB&ty Moore Foundation, Pew Charitable Trusts
the University of Hawaiand the International Seabed Autharity

9. The workshop aimed to review the biodiversity and environmental data collected since the initial
design of the CCZ APEI network #he 2007 workshop and final adoption by ISA in 2Q12nd to
generate a broad synthesis of biodiversity information along and across the CCZ. In particular, the
workshopfocusedon: (i) reviewing and analyzing recent seafloor ecosystem data from the CCZ; (ii)
synthefzing patterns of benthic and bentfioundary layer biodiversity, community structure, species
ranges, genetic connectivity, ecosystem function, and habitat heterogeitigitythe CCZ, (iii) assessing

the representativity of the APEIs relative to exptmn contract areas, and (ildentifying areas where
additional representative APEIs could beuatitd to include habitats poorly represented in the current
APEI network

10. The meeting was attended by experts from Belgium, France, Germany, Japaita, Republic

of Kiribati, the Netherlands, New Zealand, Poland, Portugal, Republic of Korea, Singapore, Sweden,
Trinidad and TobagpUnited Kingdom, andhe United States of America. The full list of participants is
included inAnnex .

ITEM 1. OPENING OF THE WORKSHOP

11. Dr. Luciana Genio delivered opening remarks on behathefsecretariat of the International
Seabed AuthorityShestarted by thankinghe Gordon & Betty Moore Foundation, the Pew Charitable
Trusts and the University of Hawaii f@roviding financial supporthrough the DeepCCZ project. She

also expressed heappreciation to the echairs, Dr. Craig Smith and Dr. Maleo Clark, for their
contribution in preparing the workshop in close collaboration thighSecretariat, and to tparticipants

and other experts farontribuing scientific data/information as inputs to the workshop. Bighlighted

the substantial amount of research and contractor suwelertaken by ISA contractotisat have been
conducted in the CCZ, including several APEls. Thescientific workthrough exploration activitiglsas
generated substantial level of new knowledge that witdrbeial for the LTCto undertakingts review of

the existing APEI networkn the CCZ. Such review would includéhe considration of potential needs

for additional APEIs. Shemphasized the broader context through which the ISA is mandated to develop
and implement regional environmental management plans (REMPs) in all regions where exploration
contracts currently existREMPs are a critical elemenand will be an integral part of measures to
implement Article 145 of the Convention, which establishesAhet h o r i toyedssreeffedivee
protection of the marine environmento corfpilenaad | vy, S
share environmental data through the ISA datalidsepDatg, which provides an important platform to



engage relevartakeholdersandscientific communitiesand can give keinputs to the development and
implementation of the REMPs.

12. Dr. Mary Turnipseeddelivered opening remarks on behalf of tGerdon & Betty Moore
Foundation Dr. Turnipseedndicated that th&ordon & Betty Moore Foundation was pleased to be-a co
supporter of this critically important workshop, thia¢ Moore Foundain prides itself on its support for
groundbreaking scientific endeavors, and that this workshop is a good exa@hwgplklooreFoundation
believes tat the scientific synthesis and scierltased recommendations on preserving the biodiversity
and ecosysterfunction of the CCZ developed at the workshop will be essential to the development of
sound policy for the management of this arédoore also recognizes the importance of authorship of
scientific reportsandwas glad to see that the report will provitakeholders and policymakers with the
ability to identify and reach out to the experts responsible for each section.

13. Dr. James Palardgelivered opening remarks on behalf of Bew Charitable Trusia supportof

the scientific synthesis condeckin this workshopHe welcomed all attendees and noted that decisions

are made using available rather than ideal data. Dr. Palardy encouraged participants to provide rigorous
science that takes into account the needs of decision makers, including idgnbBst available
information and policyrelevant trends, supplying weights of evidence, and identifying appropriate
assumptions when insufficient data are available to draw conclusions.

14. Dr. Craig Smith, the DeepCCZ project leader andclair of the workshop welcomeal
participants to the workshopolicited self-iintroductions byall participants and explained logistical
aspectof the workshop

ITEM 2. ADOPTION OF THE AGENDA AND ORGANIZATION OF WORK

15. After a briefintroduction of the proceduredy the cochairs Drs. Craig Smith and Malcolm
Clark, the participantadopted thegenda and the proposed organization of wWeeke Annex II).

16. It was agreed that the workshop would be organized in plenary and brgatoptsessions as
per the agenda.rBakout groups would havacilitators and rapporteuts lead and record discussion

ITEM 3. WORKSHOP BACKGROUND, SCOPE AND EXPECTED OUTPUTS

17. The mrticipants were provided with weral presentationsas background and context to the
workshop deliberationss below:

a. Dr. Craig Smith gave a presentation on gjoals, rationale, andesign of theoriginal APEI
network.

b. Dr. Malcolm Clark gave a presentation on thkevance of the workshop to the LTC review
of the CCZ EMP

c. Dr. Travis Washburn introduced r e p o r tDateetam Assist theeDéep £CZ Biodiversity
Synthesis Workshop €14 October 2019, Friday Harbor, WA USA) in Synthesizing Patterns
of Biodiversity, Community Structure, Species Ranges, Genetic Connectivity, Ecosystem
Function, and Habitat Heterogeneity along and across the CCZ, and to assess the
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Representativity of the APEIThis i$ ar10gagep | or at i
document compiling, sumarizing, and mapping environmental and biodiversity data
available for synthesis in the workshophe report was an internal document for use of
workshop participants, and it is nfoily availablefor wider circulation to allow contributing

scientiststo publish new, unpublished data sets contained within the refoedammary of

the data sources, scientific articles or reports and original datasets, was circulated in the
background document of the workshdpr. Washburn also discussed sowofethe issue

associated with extracting data from the tlafabaséDeepData for use in the workshop.

18. Summaries of the above presentations are providadmex Ill.

19. The cochairs then briefed the meeting on the workshop objectives and expected
outputs/outcomes of the workshop.

20. The following scientific questioa (a-€) were proposed to guide the work of breakout groups,
which would then allow participants tmnsidewhether given theavailable datathe current network of
APEls appears to capture the full range of biodiversity, species distribution, scales of connectivity,
ecosystem functions, and habitat heterogeneity in the, @8& also toidentify needs for additional
APEls and key scientific data gaps.

a) Biodiversity: For key biotic components (i.e., microbes, meiofauna, macrofauna and megafauna)
doesspecies/taxon richnessevennessand community structure vary along and across the
CCZz? Do claim areas have similar levels of species/taxon richness and evenness, and similar
community structure, to the proximal APEI(s)? Do morphological taxonomy, barcoding and
eDNA approaches yield similar results? What taoit gaps hinder biodiversity (and
biogeographic) syntheses for each biotic component (how well is the fauna known
taxonomically)?

b) Biogeography: For key biotic components (microbes through megafauna)speeies ranges
(based on morphology and barcodiggnerally large compared to the distances between APEIs
and contractor areas? What is the degree of species (or lowest OTU) overlap/community
similarity between different study locations across the CCZ? For what types of biota (small
versus large, commowversus rare, taxa, planktonic dispersal versus direct development) do we
have information on species ranges?

c) Genetic Connectivity: For key biotic components (microbes through megafauna), what are
latitudinal and longitudinal scales ofgenetic connectivity? Are scales of connectivity large or
small compared to the distances between APEIs and contractor areas? Is there evidence of
genetic connectivity (e.g., shared haplotypes) between APEIs and/or contractor areas?

d) Ecosystem Structure, Functions and DriversHow do ecosystem structure and functions (e.g.,
SCOC, Gcycling and CGflows, rates and depths of bioturbation, carbon burial, calcium
carbonate dissolution, nutrient fluxes, biotic abundance, biomajsand potentl drivers
(including seafloor POC flux, ocean depth, sediment prope[tiesin size, TOC, nodule
abundance and properfjevary along and across the CCZ? Do APEIs have similar levels and
ranges of ecosystem functions and ecosystem drivers to conaseasr



e) Habitat Modeling: Do APEIls have a similar range of habitats (ilabitat diversity) to
proximal contractor areas, basedhabitat modelingtudies?

ITEM 4. PRESENTATION SOF RELEVANT SCIENTIFIC DATA SETS AND
PRELIMINARY DATA ANALYSES TO BE USED IN THE WORKSHOP

21. The workshop had before the datareportas presented under Itemb$ Dr. Travis Washburn
This documenprovided a basis for further discussion amalysesvithin Breakout Groups.

22. Despite efforts by some workshop participants and theS&ketariatthe use of data contained
in the ISA databasdégepData for the workshop deliberation was rather constrainedsyeselating to
data quality data validatiorand completeness of infmation submitted in digital data templatés.g.
metadata}o the ISA These issues, and theputs provided byworkshop participants, will need to be
addressed by the ISAnd plans are to consider this as an item when the LTC meets in Fe¥araly
2020.

23. Workshop participants, including DeepCCZ project leadersosimer scientific experts who had
submitted relevant scientific information prior to the workshop, were invited to present their reviews of
the different data theme$hese presentatiorccurred during the latter half of Ddyand first part of

Day 2, and covered data sources, data compilatioraysesand preliminary results relevant to the main
guestions posed for thveorkshop in Item 3.

24, Summaries of thee presentations, written by the presentarsl members of the Breakout
Groups are provided iiAnnex V.

25. For the effective analysis and synthesis of available scientific information to describe biodiversity
and ecosystem patterns alonglatross the CCZ, the workshop participants vigitally split into 11
BreakoutGroupsorganized by topiceach with a lead facilitat@nd rapporteyras follows

i.  Microbes MatthewChurch lead; Emma Wear, rapporteur

ii. Metazoan MeiofaunaDaniela Zeppilli, leadAnn Vanreuselrap.

iii. Foraminifera: Andrew Goodaylead; Swee Cheng Lim, rap.

iv.  Macrofauna Craig Smith lead; Travis Washburn/Lenaick Menot, rap.

v. Invertebrate megafaunaDaniel Joneslead; Erik SimorL_ledo, rap.

Vi. Fishes andScavengersleffrey Drazen lead; Astrid Leitner, rap.
vii.  Genetic ConnectivityThomas Dahlgreriead; Guadalupe Bribiesca Contreraap.
viil. eDNA: Erica Goetzelead;Franck Lejzerowiczrap.

iX. Ecosystem functionsAndrew Sweetmariead; Marta Cecchettoap.

X.  FossilizedFauna: Diva Amonandrapporteur

xi.  Habitat Mapping and Environmental DataKerry Howell, lead; Kirsty McQuaid, rap.

26. The Breakout Groupsvereflexible, andparticipantsmovedamongthemasanalysesand related
discussiongrogresed This flexibility was important to ensuthatthe most appropriate combination of
expertisewas availablevhen considering the best way to azalyr interpret the many data sources and
results and allow participants to contribute their expertise ortipialtopics



27. The Breakout Groupswere requested toreview and synthesizeghe information available,
focusing on answering theeientific question Item 3 andto consider among other things:

Any additional information made availablethe workshop or appropriate analyses;
Sampling efficiency and method adequacy, including geographic limitations;
Occurrence of rarspecies;

Taxonomic certainty (e.g. higher or lower taxonomic level at different spatial scales);
Habitat stratification (seamounts, abyssal plains, sediment, notielghjc boundarylayer,
water column);

f. Data sources (additional datasets to follow up-paskshop);

g. Degreeof confidence (statistical robustness, quantitative or qualitative);

2O T

ITEM 5. REVIEW, ANALYSIS , AND SYNTHESIS OF RELEVANT SCIENTIFIC DATA
ON BIODIVERSITY AND ECOSYSTEM PATTERNS ACROSS THE CLARION
CLIPPERTON ZONE AND THE EFFECTIVENESS OF THE EXISTING NETWORK
OF AREAS OF PARTICULAR ENVIRONMENTAL INTEREST (APEI s)

28. Eachworking groupreported aplenary sessionsn the progressof their considerations okey
biotic and abiotic patterns of CCZ ecosystems, within and across the different taxa, the representativity of
APEIls, and identificationf datagapsto improve scientific understaimdj or interpretation of results

29. Eachworking group prepared a final account of their datiaalysesand results. These accounts
are presented for each taxon/breakout group in Annex V.

ITEM 6. OVERARCHING SYNTHESIS OF PATTERNS OFBIODIVERSITY AND
ECOSYSTEM FUNCTION ACROSS THE CCZ

30. Comments addressing tkey workshop questiornsynthesizingpatterns of benthic and benthic
boundary layer biodiversity, community structure, species ranges, genetic connectivity, ecosystem
function, anchabitat heterogeneity along and across the @@zsresented here

a. What are the overall levels of biodiversity in the CCZ and how well are they sampled?

Incomplete sampling, and a focus on the eastern CCZ, limits a clear understanding of the levels of
biodiversity across the CCZ. However, species richness in this region is substantial, with at least 500
speciexcollected/observed in many of the major faunal groupings, including metazoan meiofauna (~500
species), macrofauna (>500 species), invertebratgafauna (~630 species), and foraminifera00®
species). Within the prokaryotes, i.e., bacteria and archaea, greater than 10,000 molecular operational
taxonomic units (equivalent to species) have been sampled from sediments and nodules at a gingle site
the eastern CCZ. Specigshness estimators suggest-2B% of the total species found at any sampled

site remain to be collected, indicating that many thousands of faunal species occur across the CCZ.

Despite sampling limitations, it is clear the Z®@osts unusually diverse assemblages of megafaunal
xenophyophores (22% of the global species richness of these giant foraminiferans), as well as relatively
diverse mobilescavenger assemblages. Population genetic studies indicate that genetic divergikty in
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common CCZ macrofaunal and megafaunal species is higher than expected based on studies of marine
invertebrates from otheegions such as continental shelves and ephemeral habitats in the deep sea

high diversity (and abundance) of seafloor flesBom extinct and extant cetaceans and sharks has also
been found across the CCZ.

As for many abyssal regions, rare species dominate the diversity for nearly all faunal size classes/groups
(except for mobile scavengers and fish) for all sites, subst@ediment versus noduleahd habitats
(abyssal plains versus seamounts) thus far sampled. In general, species numbers still rapidly increase with
additional sampling effort for most groups. The majority of diversity in microbes, metazoan meiofauna,
foraminifera, macrofauna, and invertebrate megafauna falls within undescribed species (i.e., species that
are new to science).

Most sampling of biodiversity has been concentrated in the eastern CCZ in contractor areas. Little or no
biodiversity data werevailable for our synthesis from the weasntral region of the CCZ (constituting

about 50% of the management area). The core areas of most APEIs remain unsampled, and biodiversity
data from the few APEIs that have been sampled is very limited.

b. How do biodiversity, community structure and ecosystem functionyary along and across the
CCZ and what are the key environmental drivers (e.g., POC flux, nodule abundance, water
depth, and/or seafloor topography)?

Microbes Based on ery limited daa, there areo significant withirhabitat variations in bacterial and
archaeal taxonomic diversity across the CCZ (east to wdatyever,sediments and nodules harbored
greater bacterial and archaeal diversity and greater variability in community composition, ¢han th
overlying seawater

Metazoan meiofaunaBased on quantitative morphological data primarily from the eastern CCZ,
metazoan meiofaunal abundance, diversity, and community structure vary at local and regional scales.
POC flux exhibits a strong positiv@mrelation with meiofaunal abundance, as well as with diversity, on
local and regional scalelgleiofaunal diversity, based on eDNA studies, appears to vary across APEIls 1, 4
and 7 with POC flux. Within APEIs 4 and 7, meiofaunal diversity is higher in sgantioan in abyssal

plain sedimentsHowever, meiofaunal biodiversity data are limited to the eastern CCZ for morphology,
and the western CCZ for eDNA, restricting our ability to synttegsatterns across the entire CCZ.

ForaminiferaThere are gradual shifts in the species composition of foraminiferal assemblages in relation
to environmental gradients (e.g., POC flux) across the @@Zilable morphological and molecular data
suggest that meiofaunal foraminiferal diversity is lowethia western than the eastern CCZ. Many of the
megafaunal xenophyophores dwell on nodules, indicating that nodule occurrence is a key driver of
xenophyophore diversity, and that xenophyophore diversity will be relatively low in areas with little/zero
noduleabundance.

Sediment macrofaunadvlacrofaunal abundance, diversity, and community structure vary substantially
across the CCZ, and the equatorial North Pacific in general, with variations in POC flux, nodule
abundance, and water depth implicated as potadriigers. Very limited APEI data suggest there might

be lower abundance, diversity, and a different community structure in APEI 3 compared to contractor
contractareas 60®00 km awayNo other direct comparisons can be made between APEIs and contractor
areas.




Invertebrate megafaundlegafaunal abundance, community composition, and the distribution of
common morphotypes show high variability @atively small spatial scales. There is a trend of
increasing megafaunal abundance from west to east across the CQitsaidly higher density in the

mid areas of the CCZ compared with peripheral APEI=ule cover is a key environmental correlate
with invertebate megafaunal abundance and community composition. Numerous individual morphotypes
have been found exclusively on nodules, suggesting a high diversity of wmhdadent megafauna.

This implies that areas with low nodule abundance will have lower magdfdivrersity.

Fishes and scavenger¥he community structure and diversity of mobile scavengers (megafaunal
invertebrates and fishes attracted to bait) and fishes (counted in imaging surveys away from bait) vary
significantly across the CCZ, and acrtiss Pacific, suggesting that even for these highly mobile species,
not all regions of the CCZ are equivalent. Seamounts have significantly different scavenger cesimunit
than neighboring abyssal plains, thus contelatregional diversity.

Ecosystem dnctions: Sedimerdcommunity oxygen consumption (SCOC) varies across the broader
central equatorial Pacific region and is positively correlated with POC flux. Nodule abundance is not
correlated with these broad regional variations in SCOC. Within the @&/ acosystem function data

are limited, and although SCOC does vary between sites, and with POC flux, SCOC trends across the
CCZ region are not statistically significant (possibly due to small sample size and biased data from the
eastern end)Seafloor dssolved phosphate and silicate fluxes vary significantly across the broader
equatorial Pacific region and are correlated with POC flux. There are too few data from within the CCZ to
determine trends.

Metazoan eDNAASV/OTU richness (i.e., richness at thigecies or higher taxonomic level) in APEIs 4
and 7, which receive moderate POC flux, was higher than i¥Plo@flux APEI 1, consistent with POC

flux acting as a key environmental driver of community diversity in the CCZ. Limited comparisons
between seaount and abyssadlain sediments indicate higher diversity in seamount sediments,
suggestive of bathymetric/topographic influences on sedicwninunity diversity

Fossilzed fauna: This workis in progress and further analyses are needed, but prelintiesuits show
abundance and diversity of fossilized fauna varies acrogs@ze with highest abundancésundin the
easterrCCZ.

Climatechange impactsChanges in key environmental parameters, including POC flux, resulting from
climate changeare projected to vary along and across the CCZ by 2100, including among AREIs.
current set of APEls is broadly representative of potential climate change hazards within tRPEGZ.

4 and 6 may be climate change refugia, while APEIs 1 and 9 mayienqgethe largest climate change
impacts.

Habitat modeling and classificatiom:wenty-four habitat types were identified using environmental
variables implicated in the workshop as important drivers of biodiversity, community composition and
ecosystem fuctions. The variables used were POC flux, nodule abundance, slope, and Benthic Position
Index There is substantial habitat variability across the CCZ, with most classes being found only in
eastern, central, or western, and/or northern or southern regidnsot throughout the CCZ.

Summary: Biodiversity, community structure, ecosystem function, and potential clichatege impacts

vary substantially across the CCZ for most biotic groups and ecosystem functions, with POC flux, nodule
abundance, watedepth and topographic variability indicated as key ecological drivers. Community
structure, and often biodiversity, varied between sediment and nodule substrates, and between seamount
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and abyssagplain habitats, for microbes, metazoan meiofauna, foraminifimacrofauna, invertebrate
megafauna and to some degree, mobile scavengers. Habitat modeling and classification, using the key
ecological drivers mentioned above, yielded 24 habitat types within the CCZ, with substantial habitat
variability across the ggon. These results generally support the division of the CCZ into the nine
ecological subregions originally used for siting the APElIs, as outlined in ISA (2008) and Wedding et al.
(2013).

c. How large are faunal species ranges (based on morphology and molecular approaches) in the
CcCcz?

Metazoan MeiofaunaMost (>60%) nematode and harpacticoid species (both morphological and
molecular data) have been recorded from only one site in the CCE ¥dnie species are shared across

two or more sites separated by ~200 to >1000 km, only a few species appear to have very broad ranges
throughout the region as well as other ocean basins. However, bewasisef the meiofaunal species are

locally rare, we cannot determine whether species have been collected only at single sites because they
have small ranges (e.g., <200 km) or are simply
Without more samptig, wemustassume that many meiofaunal species may have ranges of <200 km.

Foraminifera: Some foraminiferan morphospecies present in CCZ samples (mainly-cimaftibered
globothalameids) are known from literature records to be widely distributed in tbeodean. Two

species are confirmed to range across multiple ocean basins. Approximately ®féiotdunal
foraminiferal morphospecies sampled within the CCZ, representing 44% of all individuals, occur broadly
(at 911 sites) across the CCZ, indicating tkame abundant foraminifera have large ranges within the
region. However, most foraminiferal morphospecies and molecular species are rare and have been
collected only at 2 sites;undersamplingcombined with the rarity of many species make it impossible

to distinguish smal./l species ranges -dmeamdiesnm&)mo ) F c
two species of megafaunal xenophyphores, large ranges spanning 3,800 km within the CCZ have been
confirmed using genetic techniques, but for mostopbgophoes, data are too limited to determine
ranges.

Sediment Macrofaung&Some abundant macrofaunal species range ovef@®&km, and two occur in

both the western and eastern CCZ, spanning a range of ~3000 km. However, the vast majority (~80%) of
species ape to be rareand have been collected only at single sites. Thus, as for theoametaz
meiofauna, we cannot determine whether most species have small ranges (<200 km) or are under sampled
(i.e., pseudo endemics). Because rarity is often correlated withspeales ranges for macrofaunal sized
animals we cannot assume that rare species in the CCZ are widely distributed, and simply under sampled.
Thus, until more intensive sampling proves otherwise westassume that many macrofaunal species
within the C&Z may have ranges of less than 200 km.

Invertebrate megafaun@here were mixed results for species ranges. Over 50 morphotypes were shared
across distant sites (e.g., APEI 6 and Kiribati, 5000 km separation), and most sites which had reasonable
samplingshared at least 2@orphotypessuggesting large ranges across the CCZ for some invertebrates.
However, many morphotypes (102) were only found at one site, indiqatiegtially relatively narrow

species ranges or pseudodemism due to undesampling.

Fishes and scavengergany of the fishes and scavengers sampled in the CCZ have very large, even
global ranges in abyssal habitats, but there are a few species that may be restricted within the CCZ.
Regional variations in community composition are lardbby result of differing abundances rather than
species presence/absence.
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Metazoan eDNAIn a comparison of APEIls 1, 4, and 7, a small proportion of the community (<16% of
OTUs) occurred in more than one APEI, while mgsB4%) were sampled in only angie APEI. This

could be a result of limited sampling, or reflect distributional ranges of <700 km (the distance between
sites sampled in APEls,1 4, and 7).

Summary: A very small proportion of the >2000 faun@hetazoanspecies identified within th€Cz

show relatively wide species ranges spanning the CCZ or, in some cases, occurring in multiple ocean
basins. Most species of metazoan meiofauna, foraminifera, and sediment macrofauna have been found
only at single sites and at low abundances (ofteringdetons). We cannot differentiate the hypotheses

that most benthic species in the CCZ have small ranges (<200 km), or that many species have broader
ranges but are simply under sampl@dprecautionary approach, until proven otherwise, is to consider

tha these species mdnave ranges of <200 km (which is less than the scales of APEI core regions (200 x
200 km) or individual exploratiooontractareas).

ITEM 7. ASSESSMENT OF THE REPRESENTATIVITY OF THE APEI sRELATIVE
TO EXPLORATION CON TRACT AREAS, AND IDENTIFICATI ON OF AREAS
WHERE ADDITIONAL REPRESENTATIVE APE |Is COULD BE SITED

26. In general, there were insufficient data to evaluate the overall representativity of APEls. Few
APEls have been sampled, and often there were no comparable data from adjaitantareas in the

CCZ for many of the size classes/groups. However, some brief results and comvhengsapplicable

for the questions posed as part of @@Z Biodiversity Assessmerdre given below:

a. Do APEls capture/protect the full range of biodversity and community structure observed
along and across the CCZ, and especially within contractor and reserve areas (i.e., are they
fully representative)?

The data are insufficient téully address this question. However, the biodiversity and community
structure of all the size class/groups, except the microbes, waitigih the CCZ. Key environmental
drivers of biodiversity patterns are thought to include POC flux, nodule abundance, depth, locations on
seamounts, and topographic variability (capturgdB®l). Thus, to be representative, APEI locations
should capture the full range of these habitat variables across the CCZ (see habitat modeling and
classification discussed below).

b. Are similar levels of ecosystem structure and function (e.g., POC flux, abhdance, biomass,
sediment community oxygen consumption JCOC), etc.) demonstrated or expected in
contractor/reserve areas and APEIs?

Substantially more ecosystem function data are required to make such an evaluation, but there was
evidence that SCOC amltrient fluxes changed with POC flux, highlighting the need for APEIs to
capture the full range of POC fluxes in order to protect different levels of ecosystem functions.

c. Do APElIs capture (and replicate) a similar range of habitats as contractor and resee areas,
based on habitat classification and mapping?

Habitat classification and mapping identified 24 habitat types across the CCZ, 16 of which have >10% of
their total area within contractor andnofeheser ved
16 habitat types are relatively well represented within APEIs, with APEIs 4 and 6 having a high
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representation of CCZ habitats. Howewde sixhabitats characterized by high nodule abundance (>11
kg m?) are common in contractor and reserveaar and very poorly represented (0 to 5% of total habitat
area) within the current APEI network. These nodidh habitats are concentrated along the-eastest
central axis of the CCZ (Fig. 1).

The habitat classification indicates there are regaintbe eas endof the CCZ, to the northeast of the
CCz, within the central CCZand in the northwestern CG#ith significant areas of the nodulieh
habitats that are currently contaimagtside ofi mi ni ng areaso but not within

Two other habitatslasses (15 and 16) with moderate nodule abundance are also poorly represented in the
APEIls, occurring in no, or only one, APEI.

Mexico

Kiribati

LS

Habitat 0 150300 600 Kilometers

Lo bl
- B . APEls
N o [ [ 20 Mining areas

Figure 1. Distribution of the six nodutdch habitat classes (classes®), 11, 12,19 and 20) across the
CCZ, relative tacontractor areas, reserve areas and APEIs.

d. Do species ranges and genetic connectivity appear to bridge APEIls and contractor areas?

A small percentage of metazoan meiofauna, foraminifera, macrofauna and invertebrate

megafauna have species ranges and geoetinectivity indicated to span the distances (200

800 km) between APEIs and contractor areas. However, most CCZ species are locally rare and
have been collected only at one site, and we cannot distinguish possible small ranges from under
sampling.
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ITEM 8. KEY DATA GAPS LIMITING BIODIVERSITY SYNTHESIS ACROSS THE
CCz

27. An important consideration during thrkshop was discussion and determination of key data
gaps that restrictetthe ability to address patterns and trends, and to fully answer the questions posed for
the workshop. Eachreakoutgroup was asked to list the main data, methods and analytical gaps or issues
that should be a priority for future surveys and samplingsé leenpilations of key gag are not meant

to be comprehensive, exhaustive, or even consistent across groups, but rather to focus on the major
limitations identified in compiling the data and synthesizing biodiversity patterns across the CCZ.

28. ISA secretaat provide & update of the ongoing work of uploading environmental data to the
ISA databaseleepDatd, highlightingthat additionaldata may become available in the futirenthe
contract areas through tBeepData At the time of the workshop, several issues were identified with the
ISA databaseonstraining its usfor analysisat the time othe workshoplt wassuggestedthat this

should behe subject of future discussions within the ISA Secretariathaidegal and Technical
Commission.

29. Below is a listing of key data gaps, Byeakout Group topics

Microbes:

- Available data provide very poor spatial and temporal resolution in the CCZ; however, this may
improve through inclusion of forthcoming datasatsl through inclusion of samples from contractor
claim areas.

- Available sequence data are too limited to assess representability of APEIs (due to poor sampling of
mining-claim areas adjacent to APEIs).

- Methodological differences among the existing micrbbtadies make comparisons across studies
difficult.

- Only taxonomic classification of microorganisms is possible given the available sequence data;
microbial molecular taxonomy cannot be directly related to ecosystem function in these poorly
studied deefsea taxa. Thus, standardized approaches to connect environmental microbial taxonomy
to function (e.g., metagenomics, isotopic tracers) are needed.

- Data are insufficient to assess how removal and/or disturbance of specific abyssal habitats will impact
ecoystem services currently provided by microorganisms. Additional observations, including
measures of microbial biomass and biogeochemical function, are needed.

Metazoan meiofauna:

- Metazoan meiofauna are ungampled, as demonstrated by the fact that mawefaction curves do
not reach an asymptote.

- APEls are very poorly sampled: There is only one dataset for meiofauna from one eastern APEI and
another from three westeAPEIs

- There is a major lack of taxonomic work (e.g., species descriptions, barcoding, integration of working
species across programs) that would allow comparison of species distributions over wider
geographical scales.

Sediment Macrofauna:
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There has been mpuantitative macrofaunal sampling in core areas of eight of the nine APEls, and
extremely limited sampling in the ninth (APEI 3).

There has been no quantitative macrofaunal sampling in nearly all of the central and western CCZ,
i.e., over an area coveringp0% of the CCZ region.

Full macrofaunal diversity has not been sampled at any site (species are still accumulating rapidly
with additional sampling efforts) so overall diversity levels and species ranges are poorly constrained.
Most species are undes@b

Invertebrate megafauna:

Temporal variability has not been addressed in the CCZ, but seasonal and interannuals/ariation
megafaunahbundance have been documeritedther abyssal plain sites (albeit at higher latitudes).
The ability to compare beten APEIs and adjacent contract areas is limited by lack of sampling.
More standardized survey designs are needed.

Evaluation of the relationships between PR and megafaunal community parameters is hindered
by lack of direct measures of POC flux @dsnent community oxygen consumption for most sites
(forcing use of coarse resolution (in space and time) modelled data).

Scavengers and fish:

Baited camera data exist for eastern G@atractareas and western CCZ APEls only, with major
gaps in the cersl CCZ. Methods need to be standardized, and applied throughout the CCZ, to allow
regional comparisons.

Standard methods (e.g., viewing area, duration, and amount/type of bait) are critical for comparisons
of baitedcamera data among different areas.

Foraminifera:

Inconsistencies in sample sizes and analytical methods (notably sieve mesh sizes) limit the
comparison of data across wide areas of the CCZ.

Undersampling is a recurrent problem at all sites studied (pseandemism cannot be distinguished
from true endemism) and increased sampling efforts are needed at multiple spatial scales.
Foraminiferal data, both morphological and molecwdagyvery limited from the western CCZ.

There are some eDNA data from a small region of the eastern CCZ, aqdanttative (e.g.,
abundance) data or eDNA data yet available for foraminifera from APEIs.

There are currently insufficient molecular data to analyze the population genetics of any foraminiferal
species from the CCZ.

Ecosystem functions:

In situ POC flux measurements (from sediment traps and/or SCOC) are needed from each APEI and
adjacentontractareas to compare partidlax and SCOC in space and time.

Temporal variability of SCOC and other ecosystem functions are needed; most studies encompass
measurements made over hours to days.

There are little or no data available for most benthic ecosystem functions (e.g., bioturbation, calcite
dissolution) across the CCZ.

Population connectivity
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- Population connectivity has been studied for only eadfhindant macrofaulienegafaunal species.
Nothing is known about connectivity for the vast majority of meiofaunal, macrofaunal and
megafaunal benthic species in the CCZ, most of which are rare.

- The absence of taxonomic data on almost all CCZ fauna hagdinstedies of species ranges and
connectivity. In most cases, almost none of the spéeiest data collected by different contractors
or researcher groups is comparable. Higlality taxonomic projects should be a priority in future
research efforts irhe CCZ.

Metazoan eDNA:

- eDNA metazoan diversity is undsampled at all spatial scales in the CCZ.

- Spatial coverage of sampling for individual programs is limited and insufficient at present to assess
representativity of APEIs in comparison to contractoreserve areas.

- Taxonomic classification is problematic for mtCOI reads, the most commonly used marker for
putative specietevel assessment of metazoans. Alpseonomy combined with DNA barcoding of
meiofaunal taxa should be a high priority to enhaslassification of reads to fill this gap.

Fossilizedauna:

- Despite an extensive amount of data from the eastern CCZ, there is no baseline fossil information or
imagery available for the western contract areas. Data are also lacking for APEls 21069 8/lare
standardized survey designs are needed

- The fossilimagery data that do exisiave surveyed only relatively small areas of seaflodive
contract areas, five APEIs and two areas outside of the CCZ.

- Image data varies widely in qualitymiting the ability to resolve smaller fossils, such as shark teeth,
or features needed for species identification.

ITEM 9. SCIENTIFIC CONCLUSIONS FROM THE WORKSHOP OF RELEVANCE
TO THE LTC REVIEW OF THE CCZ EMP

30. Scientific conclusions from the workshdipat may be usefufbr consideration in theeview of
the CCZ EMPby the Legal and Technical Commission are as follows:

a. Total species richness of all biotic size classes appears relatively high, but is poorlgdsantl
described taxonomically at all CCZ sitesd for nearly all biotic groupstudied Biodiversity data
available for this synthestzas beertollectedprimarily in the eastern CCZ inooitractor aregswith
limited sampling of most groups in the resthe CCZ, including core areas of APEIs.

b. Nonethelessthe available data show that biodiversity and community structure for most biotic size
classes vary substantiallyithin the CCZ, with key environmental drivers including POC flux,
nodule abundance, depth, and topography. Ecosystem functions also appear to vary with these
drivers. These environmental proxies, as used in the original EMP formulation, as well as habitat
classfication and mapping, are useful to assess the representativity of current and future APEIs across
the CCZ.

c. Workshop results and discussion confirmed that APEIs should be broadly distributed along and
across thdull CCZ to capture the range of measuwvadability in biodiversity, community structure,
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ecosystem functions, and key ecological drivers. Climate change sensitivity should also be
considered. In addition, the possibility that many faunal species may have small (,e2@@&m)
suggests that AHs should be broadly distributed to protect species with narrow distributions.

d. The size of the core regions of APERDO x 200 km)emains appropriate given a 2016 review of
mean dispersal scales of desga benth@sthat supports the 18 scale useth the original APEI
design.

e. One of the goals of the APEI network is to protect 30% of the managed area within AREthjs
should include areas representative of the full range of habitats, biodiversity and ecosystem structure
and function. Habitamapping suggests the current APEI network captures a good representation of
many of the 24 habitat types found within the CCZ, covering a range of POC fluxes, depths, and
topographic variability. Howevetthe 6 habitat types characterized by high noduleretance are
poorly represented within the APEI network and could be better protected by placing additional
APEIs in theeasternmostentral andvesternCCZ.

f. The presence of high densities of fossils in the eastern CCZ suggests that additional donsislerat
warranted regarding conservation and management measures for fossil protection in the
Environmental Management Plan

ITEM 10. CLOSURE OF THE WORKSHOP

31. The workshop was closed H8.30p.m. on Friday, 4 October 2019.

5Baco, Amy R. , et al . AA Synthesis of Genetic Con
Mar i ne Re s eMolecalar Balsgy\pIn25,mo. 14, 2016, pp. 3278298.
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Annex Il
WORKSHOP AGENDA

30 Sept- Monday

PM1 Participants arrive at Friday Harbors Labs and cliec{ter 3 pm. Dinner in town in setfrganized
groups.

1 Oct - Tuesday- Chair Malcolm Clark

830- 845Plenary in the Commons- Welcomes from ISA Secreiat, Moore

Foundation, Pew Charitable Trusts and DeepCCZ Project

845- 900Plenary - Participant Introductions and FHL Logistics

900- 945Plenary - Workshop rationale: Originalesign of the APEI network (C. Smith),
the CCZEMP and the LTC discussion on CCZ EMP review (M. Clark).

94571 1045Plenary - Workshop goals (see Workshop Goals at end of Agenda), deliverables and
organization. Present and discuss inibata Report and template foFinal Report

1045- 1115 Coffee break in Dining Hall/rowboat orientations
Plenary - Data presentations led by topic leaders

11157 1145Bacteria and Archaea- Emma Wear, Matt Church et al.
12001 1245 Lunch in Dining Hall

Plenary - Data presentations led by topic leadecont.

124571 1315Macrofaunai Travis Washburn, Craig Smith, et al.
131571 1345Invertebrate megafaunai Dariel Jones, et al.

13451 1415Fishes and Scavengefis Jeff Drazen and Astrid lier
14151 1445Foraminifera 1 Andrew Gooday

14457 1500 Coffee break in Dining Hall

Plenary - Data presentations by led by topic leadecsnt

15007 1530Genetic Connectivityi ThomasDahlgren Adrian Glover,Guadalupe Bribiese@ontreras
et al.

15307 1545Metazoan eDNAI Erica Goetze

15457 1615EcosystemFunctionsi Andrew Sweetmanylarta Cecchettcgt al.

16157 1645Habitat Mapping and Environmental Data i Kerry Howell and Kirsty McQuaid
16457 1700Fossiized Faunai Diva Amon et al.
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17001 1730Climate Change- Chih-Lin Wei via Craig Smith

1730- 1800Plenary - Review of progress with data summaries

2 Octi Wednesdayi Chair Craig Smith

Plenary - Data presentations led by topgaders completed

83071 900Metazoan Meiofaunai iDaniella Zeppilli et al.

90071 930Plenary - Identification of breakout group topics, leaders, rapporteurs and marching orders

930- 1030Breakout groupsbegin consideration of key questions for their topic, data availability and
synthese$ rooms TBA

103071 1045 Coffee break in Dining Hall

10451 1200Breakout groups continue data evaluatioanalysesand syntheses

12001245 Lunch in Dining Hall

124571 1300Plenary i Brief discussion function/needs of breakout groups

1300- 1630Breakout groups continue data evaluatioapalysesand syntheses (coffee breaks by group)

16307 1800Plenary - Breakout groups report progress (10 minutes paum

3 Octi Thursday i Chair Malcolm Clark

83071 930Plenary - Discussion of general breakout group progress, gaps (do we need additional breakout
groups?), relocation of participants, how are synthesearalgsegoing?

93071 1200Breakout groups continue syntheses aedch develops an outline for writgp of synthesis
for their topic (key question addressed, data available and wsgdlts, major gaps, conclusions
concerning represeativity of APEIs, any recommendat®for modifications/additions to APEI
network) (coffee breakby group)

12007 1245 Lunch in Dining Hall

12457 1430Plenary - Breakout groups present outline of syntheses in bullet form, i.e., answers to key
workshop questions, gaps, conclusioesommendationsetc. (8 10 min per group).

14307 1530Plenaryi Initial discussion and formulation of overarching results, conclusions, and
recommendations with assignment of writing tasks for overarching summary. Formulation of
Overarching SynthesisBreakout group.

15307 1545 Coffee Break

154571 17000riginal breakout groups begin writeup of syntheses of topics and conclusions and using
outlines previously generate@verarching Synthesis Breakout Groupbegins synthesis.
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4 Octi Friday 1 Chair Craig Smith
83071 915Plenary - Breakout groups report on writing progress (4 min each).

91571 1045Plenaryi Final formulation of overarching results, conclusions, recommendations
assignment of writing tasks for overarchingrsnary.Formulation of additional breakout group(s) as
needed.

10457 1200Breakout groups continue writeup of syntheses of topics and overarching results and
recommendations (coffee breaks by group).

120071 1245 Lunch in Dining Hall

124571 1500 Breakout groups continue writeup of syntheses of topics and overarching results and
recommendations.

15007 1515 Coffee break in Dining Hall

15151 1745Plenary i breakout groups report on progress with topic write ups, tasks remaining, and
pele responsible for completing these task (15 min per group)

17457 1815Plenaryi Workshop conclusioi review progress made, synthesis/writing tasks remaining,
and formulate plans and timelines for completing these tasks

5 Octi Saturday
83071 1100 Most participants check out of FHL

1100+Some key participants remain to compile workshop report
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Annex Il

SUMMARY OF INTRODUCTORY PRESENTATIONS

Presentations delivered under ltem 3 above.

a. Goals, rationales andlesign of the original CCZ APEI network

by Craig R. Smith, University of Hawaii

This presentation summarized (a) the goals and outcome of the original Pew funded wookshumped

in 2007to design a network of representative marine protectesb greow called APEIs) to safeguard
biodiversity and ecosystem function on the CCZ during manganese nodule mining, (b) the key design
elements recommended by the workshop for APEls in the CCZ,catekséons learned from the APEI
design process of generalevance tahe development oRegional Environmental Management plans.

The design of the APEI network in the CCZ was based on recommendations from a workshop, sponsored
by the Pew Charitable Trusts, and organizedftaired by Craig Smith, J. Tony Koslpand Malcolm

Clark in October, 2007 at the University of Hawaii. The workshop convened 22 experts, including
scientists, internationdbwyers, mineral geologists, and representatives from the ISA. The original Pew
workshop considered threats to the dseafloor habitats ithe CCZ from mining and other impacts, and
reviewed data on patterns of abundance, biomass, biodiversity, species ranges, and gene flow across the
region, and their relationships to environmental (i.e., habitat) variables in the G@Zwdrkshop
developed general goals for APEIs in the CCZ and used MPA design principles to develop specific APEI
recommendations for this seafloor region. APEI goals included protection5fi%0f management area
(CC2), capturing the full range of halitaariability in the CCZ, maintaining sustainable populations
within the benthic fauna, replicating across the region to cajheand N-S turnover of biota, and

making the APEIs large enough that their core regions are buffered from impacts of mdimgnse
plumes.

General APEI elements included the following:

(1) The APEIs should be managed across the CCZ region as a whole (i.e., in a REMP).

(2) The CCZ region can be divided into three amsst and three northouth habitat strata (or
subregions) because of strongWE and N-S productivity-driven gradients in ecosystem
structure, yielding nine distinct subregions within the CCZ, each requiriAgBh

(3) The core area of each MPA should be at least 200 km in length and width, i.e., large enough
to sustain populations for species potentially restricted to a subregion of the CCZ.

(4) Each APEI should contain the full range of benthic habitat tjmasd within its subregion
(e.g., dense nodule fields, abyssal plains, abyssal hills, seamounts and fracture zones).

(5) Each APEI core area should surrounded by a buffer zon&rhO@ide to ensure that the
APEI core is not affected by mining plumes.

In summary, nine 400 x 400 km APEIls were recommended, one in each of the 9 CCZ subregions defined
by productivity gradients and faunal turnover. The APEIs were situated to avoid or minimize overlap
with existing mining exploration and reserved claimagrand to protect as many seamounts as possible
within a subregion. Within and between spacing of APEIs were of roughly similar scaleB0@i@f),

allowing the APElIs to potentially function as a connected network.

The APEI recommendations for the Z@ere presented to the ISA Legal and Technical Commission in
March - May, 2008 (Smith et al., 2008; Wedding et al., 2013), strongly endorsed by the ISA Legal and
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Technical Commission (LTC) in concept, and provisionally adopted i2,20ith repositioningby the
LTC of two APEIs from the core to the periphery of the CCZ.

Some of the lessons learned from the APEI design and setup process in the CCZ include the following:

(1) APEI networks should be erected within a REMP before many exploration claims are granted
(otherwise the ability to design viable networks may be compromised).

(2) Deepsea species/community distributions and connectivity patterns (i.e., for thousands of
species, many of them rare) are not knowable within a region on time scales necessary to develop
APEI networks (and REMPSs) for despa mining We must use a representative APEI approach
to fully protect biodiversity and ecosystem functions in the deep sea

(3) There can be pushback from stakeholders to reduce/relocate APEls, especially from areas
containing primegrade mineral deposits.

(4) However, because mineral grade (geochemistry) and biota are often linked, the precautionary
approach requires pratiing highgrade areas in absence of extensive knowledge of regional
patterns of biodiversity and connectivity.

References:

Smith, CR et al. 2008. Rationale and recommendations for the establishment of preservation reference
areas for nodule mining in the Clari@lipperton Zone. Fourteenth session. Kingston, Jamaica,
26 Mayi 6 June 2008http://www.isa.org.jm/ensessions/2008/documents: Legal and Technical
Commission, International Seabed Authority. Technical document no. ISBA/14/LTC/2.

Wedding LM, Friedlander AM, Kittinger JN, Watling L, Gaines SD, Bennett M, Hardy SM, Smith CR.
2013 Fromto practice: a spatial approach to systematic conservation planning in the deep sea.
Proc R Soc B 280: 20131684. http://dx.doi.org/10.1098/rspb.2013.1684

b. Review of the CCZ Environmental Management Plan: relevance of the workshopad.TC

By Malcolm Clark, NIWA, New Zealand

An environmental management plan (EMP) for the Clarion Clipperton Zone (CCZ) was approved by the
ISA Council and Assembly in 2012. This had several strategic aims to ensure environmentally
responsible séeed mining, to enable effective protection of the marine environment, and to sustainably
manage the CCZ as a whole. The EMP involved a collective and collaborative approach (contractors,
scientists, managers) to data collection and environmental manageasewell as consideration of
multiple operations and cumulative impacts. A key concept of the EMP was the designation of Areas of
Particular Environmental Interest (APEIS) to protect regiscale biodiversity. One of the conditions of

the EMP was thatfaegular review, including evaluating the efficacy of the APEI network.

The LTC in 2016 responded to new data suggesting that dispersal capabilities of several benthic taxa were
more limited than the current spacing of some of the APEIs where distagivecen them exceeded 1000

km. APEI numbers 10 and 11 were proposed to fill gaps to the NW and SE of the CCZ (see figure
below).
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This proposal was considered by a new LTC in 2017. An environmental subgroup of the LTC discussed
this recommendatiorand also corresponded with, and sought information from, several experts outside
the LTC. There was agreement that the proposed APEI 10 was appropriate, as there is an obvious gap in
existing coverage in the northwestern area of the CCZ, and its placamesitveen APEIs 1 and 2

would satisfy the <1008m dispersal concern. However, the location of APEI 11 was not as straight
forward, due to a number of potential issues with proximity to EEZs, size, spacinghé&ighboring

APEIls, and location relative to the central CCZ resource band. It was generally agreed that locating an
APEI is not just a matter of filling in gaps on the map, but should link back to the underlying purpose and
objective of APEls:

-to maintain sustaable populations and to capture the full range of habitats and communities by being
large enough to maintain minimum viable population sizes for species potentially restricted to a subregion
of the ClarionClipperton Zone without being affected by minipigmes from any activities immediately
adjacent to an area

There were several key conclusions reached by the working group:

1) The original nine swareas which are proxies for the nestbuth and eastest productivity
gradient need to be considersla guide to representation of APEIs as a network.

2) Di stance separation is a difficult firul ed as
oceanographic conditions. However, a maximum of 1000 km should be observed.

3) Coverage in the northwestesector of the CCZ is light, and a new APEI #10 was thought a good
proposal to reduce the large distance between APEI # 1 and 2.

4) The central band of the CCZ should be included where possible in APEI location. Hence, there
was a preference to locate BPL1 to the north in between the EEZs and to maeérnis size so
it includes the ficoreo 200 km square, and as
Consider options betwe@ontractareas (even if size smaller?)

5) If APEI #11 is placed east, thigould leave a large distance gap in the southeast, and a third
APEI could be needed.
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6) Topography is also a consideratiomhich requiresincluding abyssal hills and seamounts in
APEIls as a different habitat to that of nodules on the abyssal plain.vdnvitewas felt that this
criterion should not push APEIs further away from the central axis than necessary.

At this stage, the working group felt it was not appropriate to sign off the location of the proposed
APEIls, but plan on a more detailed dission of the role, design, criteria, and effectiveness of
existing APEls, and utife additional data collected during recent major research voyages which
included sampling inside APEIls. This was delayed from 2018 due to a focus on Draft Exploitation
Reguations, but picked up again in collaboration with the Deep®@dectand this workshop in
2019.

c. An Introduction to the Data Report for the DeepCCZ Data Synthesis Workshop

by Travis Washburn, University of Hawalii

A data report was created by Travis Washburn and Craig Smith, with the assistdineeDelepCCZ
Synthesis working group leat$, for use by all participants during the worksh@priables were first
identified that could possibly influence desga biologcal communities and physical process€kese
variables includedphysiographic data, data on nodule resoursediment and watarolumn data, flux

data, biogeographic data, and climate change data as well as brief summaries of data sets to be used in th
workshop by each working group and some preliminary analyses. Data for environmental variables were
obtained from online resources (e.g., the World Ocean Atlas, GeoMapApp, etc.), from the published
literature, and from direct solicitations to scientidtaps of all datasets were then created for each
variable (or where data were unavailable, previously created maps were used) and included in the data
report.After initial presentations by Craig Smith and Malcolm Clark, the contents of the data report wer
reviewed to assist all working groups with their analyses. Data for various layers (e.g., nodule abundance,
POC flux, depth, etc.) were made available with the assistan¢ergf Howell and Kirsty McQuaid. Use

of data outside the report was contingent germission by workshop ahairs as well as the data
contributors.

During the discussion of the data report, the recentlased ISA databaBeepDatawas also discussed.

Problems with the database, including difficulties in data extraction and aflasdcessary metadata,
prevented the inclusion of these daiathe workshop synthesis.
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Annex IV
SUMMARY OF DATA THEME PRESENTATIONS

Presentations delivered undettem 4 above in the order presented.

a. Microbesi Emma Wear, Matthew Church, Beth Orcutt, and Rob Young
The introductory talk on microbial data included overviews of the methodology of sampling Bacteria and
Archaea in marine habitats, the extant microbial datasets, and preliminary conclusions regarding habitat
type and spatial variability. We discussed tkeassity of using genetic techniques to assess bacterial and
archaeal community composition, as cellular morphology is not useful for assigning taxonomy for this
group of organisms. Our preliminary metaalysis incorporated samples primarily from the hreastern
CCZ, including those fronABYSSLINEOL1 and ABYSSLINEO2 covering the UKL and OMS claim
areas and APEB, and the Malaspina survey project, with a smaller number of samples from the western
CCZ, in patrticular the COMRA claim area. Caution is cafledin comparing bacterial and archaeal
community data generated using different analytical techniques, in particular those sequenced using
different PCR (polymerase chain reaction) primers, as primer choice has been shown to impact both
relative abundaneeof specific taxonomic groups and richness and diversity parameters. Given these
caveats, we presented broad, preliminary trends in microbial communities. The clear primary control on
microbial alpha and beta diversity was habitat type: water column (@pmkeep ocean), sediments, or
nodules, with notably higher richness in nodwdes sedimentdn contrast, we observed no or minimal
spatial differences in overall community composition, richness, or diversity within those habitat types
between the UKL strata, OMS, and APH. On a very qualitative level, taxa present within specific
habitats were generally consistent within samples from the eastern and western CCZ, although uneven
sample sizes prohibited a formal analysis. We concluded with a briefdisn of the need for the deep
sea microbial community to move towards a more intercomparable sampling approach, even though the
rapid rate of change in DNA sequencing technology remains a challenge.

b. Macrofaunai Travis Washburn and Craig Smith
Macrofaunal datasets comprised of box core samples collected in UKSRL1, IFREMER, GSR, BGR,
IOM, OMS, Republic of Korea, and Russia exploration claims as well as in or near APEIs 3, 6, and 9
were acquired from Dr. Craig Smith from the University of HawRii, Lenaick Menot from IFREMER
and Dr. Magda Blazewicz from the University of Lodz through the JPIO project, RlorgeJu from
KIOST, Dr. Ellen Pape from Ghendniversity, Dr. Koh Siang Tan from the National University of
Singapore, and Slava Melnik froffuzhmorgeologiya. Historical datasets were used frahe western
and southern CCZ as well.Different datasets included different components of the macrofaunal
community (from a single class to all taxa) as well as different levels of taxonomic distifittm
species to ordeor highe). These differences across datasets requiredysesto be performed on
polychaete, tanaid, and isopod communities separately and at both the species and family level.

Macrofaunal studies were focused in the eastend central CCZ, with only historical datasets
representing the western CCRolychaete and tanaid abundances showed a trend of increasing numbers
from west to east across the CCZ. Species diversity was highly esaiaioiss sites which was likely
patially the result of differences in taxonomists among studies, highlighting the inability to combine
datasets at the species level ahd need to standardize taxononagross the CCZ and sampling
programs Family diversity appeared to be a better measarecomparisons among studiegcause
family-level identifications are fairly standardizedror the majority of studies, the number of species
recorded as singletons (or represented as only one individual in the entire study) was greater than 50% of
all species recorded, showing the need #&alditional samplingo capturethe full species richness
diversity ofmacrofaunal communities throughout the CCZ.
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Macrofaunal data from the ABYSSLINE Project was presented to illustrate some of the key biodiversity
paterns evident some far in the eastern CCZ. Within two 30x30 km sampling areas (called strata) with
the UK-1 exploration area, a total of 24 box core samples were collected to sample macréfisuma.
these24 box corega total area of 6 M913 polychaete individuals were sampled, belonging to 42
families and 154 species (>70% of which potentially are new to science. Based on several species
richness estimators, the total polychaete species richness across these two strata is estimated to
substantially exceed 250 species. Most of the polychaete species in these samples were r&i@%owith

of individuals and >90% o$peciesrichness occuing in species which each constitdte2% of total
polychaeteabundancei.e., as group, rare speciesngnon in these abyssal macrofaunal communities.

The UK-1 polychaete community appeared to be very rich in families and species compared to similarly
sampled (sediment cores) and identified (moffzh@mnomy by the Natural History Museum) collections

from theCCZ, and from the deegea globally.

c. Invertebrate Megafaunai Daniel Jones and Erik SimonLled6
The patterns in invertebrate megafauna (animals >10 mm in maximujnirsites ClariorClipperton
Zone (CCZ) were assessed using information from infegped assessments, grotndhed, where
possible using megafaunal specimens. The focus on assessments from imagery means that there are some
limitations, particularly in thdevel of taxonomic resolution of the faunal identifications. We used the
term morphotypes as our unit of identification as spdeied identifications are rarely possible and the
taxonomic level of identifications varies. To try and improve consisteawyd®n surveys the megafaunal
group have made considerable efforts to crea®madardizé morphotype catalogue and use this to re
annotate images. Sushtandardizatiotis facilitated by modern annotation platforms, such as Biigle. The
morphotype catalogu hassynthesizedall available data from the CCZ and contains a total of 632
morphotypes, dominated by echinoderms, cnidarians, sponges and arthropods. We were able to identify
datasets from nearly 20 sites and nearly 60 transects, including information from 6 APEEnddgdis
was split-anmalt gsasdmewhi ch did not recheck or al i
included C on stargldrdizéd t analhysia o0f w-annatated fallansng theu | | y r
morphotype catalogue. The datasets showed steae patterns. A west to east increase in faunal density
generally occurred across all available datasets. The west to east pattern also corresponded to a decrease
in depth. Patterns in morphotype diversity were not as clear but will be explored flitthenegafauna
appear to respond to changes in the environment at a wide range of scales, from local to regional. These
patterns will be further explored at the workshop and new data incorporated into the synthesis.

d. Fishes and Scavengeris Jeff Drazen and Astrid Leitner
Fishes and mobile scavenger communities were evaluated across the CCZ and Pacific using baited
cameras and video or photo transecting methods. Data for scavenger diversity, relative abundance and
community composition wercompiled from baited camera deployments throughout the Pacific at depths
below 3000 m, both unpublished and published studies (=12 studies, 157 deployments, 43 in the
CCZ). Data in the eastern CCZ were fromc8ntractareas (UK1, OMS, BGR) and the datathe
western CCZ were from 3 APEIs (1,4, 7). Methodological variations existed between studies that made
comparisons challenging and reduced the dataset substantially for comparison. Scavenger identifications
were standardized across the studies bseireral cases this was not possible. Diversity varied between
locations and community composition was significantly different between the SW Pacific, western CCZ,
eastern CCZ, Hawaii and western CCZ seamount sampling locations. Though many of the ¢éaxa wer
widespread their relative abundances change across the CCZ region. Data for fish diversity, density and
community composition was also compiled from video or photo transecting methods (ROV, AUV, and
towed cameras) in the CCZ and neighboring regionsaAdsirdized fish identification guide was created
and the authors identified all of the fish in transects to ensure taxonomic standardization. Data from 5
contractareas (UK1 TOML areas B, C, and D, Kiribati EEZ) and 4 APElIs (1, 4, 6 and 7) were available.
It was clear that many studies did not sample large enough areas to adequately assess fish diversity and/or
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density because fishes are often sparsely distributed taxa. Fish community composition varied across the
CCZ with similarity declining with incresang distance from east to west between sites. By combining

both baited camera and transect data sets for fishes we evaluated species ranges and, not surprisingly,
found that many species are broadly distributeavever, a few only appeared on deep (3@t
seamounts.

e. Foraminifera T Andrew Gooday, Franck Lejzerowicz, SweeCheng Lim, and Brygida
Wawrzyniak -Wydrowska

Foraminifera constitute an important part of the meiofauna and macrofauna anderadukting fauna
across the CCZ, while giargpecies (xenophyophores, many sessile on nodules) often dominate the
megafauna. Faunal and genetic data are concentratexhtiractareas located in the eastern half of the
Zone but with few data available from any APEIs. Diversity is very high; for pdarmingle megacore
samples typically yield well over 100 meiofausiaed morphospecies, with previously unseen species
being added with each new sample. The numbers of molecular species (OTUs) are even higher.
Morphological and environmental DNA (eDNARth reveal that assemblages in all size categories are
dominated by poorhknown, singlechambered monothalamids, the vast majority of them undescribed,
while the betteknown multichambered agglutinated and calcareous foraminifera are less common.
Literature recordshased on test morphology suggest that many of the multichambered species known
from the CCZ have wide geographical distributions at abyssal depths. On the other hand, the distributions
of undescribed monothalamids are poorly known, and the majority aee (often singletons or
doubletons), making it impossible to conclude anything about their ranges. For two xenophyophore
species, however, we have genetic confirmation for ranges extending at least 3,800 km from the western
to the eastern CCZ. Across snaalldistances of several 100s ldfometers(the scale of an individual
contractarea), foraminiferal assemblages seem to be relatively uniform, but with some indication of
gradual change in composition with increasing spatial separation. Many datargaps reflecting the
scarcity of samples from the western CCZ and APElIs.

f. Genetic Connectivityi Thomas G. Dahlgren, Guadalupe Bribiesc&ontreras, Helena
Wiklund, and Adrian G. Glover

Genetic data (DNA sequences) were available for analysis awdheshop from two main sources:
published data on international databases linked to-negmwed publications, and unpublished data
brought to the workshop by participants. Including both these sources of data, information from 4 Areas
of Particular Envionmental Interest (APEIs) and 8 contracted exploration zones was available. These
data can be used to assess three important questions critical to the development of a Regional
Environmental Management Plan (REMP): How many species are there as detémyrjeedtics? How
widely distributed are these species? How connected are their populations?

Sequence data are available from a range of faunal components that include several functional groups (e.g
both noduledwelling animals and animals living asgmted with the sediment) but in general, the
majority of dataarefrom sedimentiwelling macrofauna and mobile scavengers collected in baited traps
(typically macrofaunatized amphipods). In terms of biodiversity, genetic data typically recovers more
speies inanalysexompared to morphological data. In global comparisons, CCZ biodiversity does seem
relatively high compared to other regions,. ¢hg North Sea. In terms of biogeography, sites within the
CCZ (e.g contractor regions or APEIs) afearactered by a long list (e.gLl00-200 species) that are
found only in those sites. However there are also many species sharbdiveegn APEB and the UK
1/OMS sites there are 14 species shared across a distance ofksiOPOpulation connectivity data
show a universal pattern of high genetic diversity (with the exception of some rehdaliéng taxa) and
genetic connectivity across large distances with evidence of geneflow within species between the
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CCZ and DISCOL experimental disturbance sites. Hamethis may be subject to sampling bias as the
taxa sampled for connectivitpnalysesare necessarily the ones with high abundances and broad
distributions.

g. MetazoaneDNA - Erica Goetze
Environmental DNA methods can be informative in addressivagkshop questions related to

biodiversity, biogeography and genetic connectivity (of the 5 primary topics). The DeepCCZ eDNA
project goals were to: (1) conduct baseline surveys of invertebrate and vertebrate metazoans using eDNA
methods, (2) assess se#svasediments and nodules as source material for eDNA surveys, and (3) to
evaluate whether seamounts are biodiversity hotspots and potential refugia that could serve as larval
sources for populations on the abyssal plains that are impacted by miningti-géhel eDNA
metabarcoding was conducted on seawater, sediments, and polymetallic nodules sampled across
seamounts and abyssal plains in APEls 1, 4, and 7 in the western Clarion Clipperton Zone, with metazoan
animals as organismal targets. eDNA metabangpdias effective at capturing the distinct biotas known

to occur in association with different substrate types (e.g. napeleific fauna), with distinct community
composition and very few ASVs and OTUs shared among sample types. We find evidencenbanisea

in the western CCZ are ASV/OTU richness hotspots and reservoirs of unique metazoan diversity in
comparison to the surrounding abyssal plains. Seamounts were characterized by significantly higher
proportions of the community that were unique to aiigeseamount or were cosmopolitan across plain

and seamount habitats, with a higher proportion of plain fauna widespread in abyssal plain habitats but
absent from deep seamounts. Across a gradient of low to moderate POC flux, we find lowest taxon
richnes and evenness at lowest POC flux, with community composition on nodules also influenced by
nodule size. Key limitations for this dataset and type are (1) lack of 4suadel sampling, in particular

across both claim areas and APEIs, (2) lack of refereageences for the highly diverse meiofaunal
sediment community (alpha taxonomy with G@rcoded specimens), and (3) unknown timescales of
eDNA persistence in the deep ocean (sediments).

h. EcosystemFunctions i Andrew Sweetman, Marta Cecchetto, Frank Wenhofer, and
Tanja Stratmann

We have collected ecosystem function (EF) data from numerous studies from across the central Pacific,
CCZ, as well as gathered unpublished data. Thes#dsaspanned a wide geographical aredy(16
23N; 103W to 158W) andrange of depths (4368400m depth). The data sets comprised data on
sediment community oxygen consumption (SCOC) rates, nutrient fluxes across the sediteent
interface (N, P, Si), bioturbation rates foyn?), sediment organic C and carbonate con#)t and POC
flux information from traps and modelling exercises. We decided to focus our efforts on SCOC data and
nutrient flux data as more of this data existed for the CCZ and central Pacific. Our main findings were
that SCOC was positively and sidigantly related to POC flux across the region, while multiple
regression analysis showed that nodule abundance did not seem to exert much of an effect on SCOC.
Nevertheless, only 20% of the variance in SCOC was explained by modeled POC flux, sugdesting ot
factors (e.g., organic matter quality) also need to be measured in baseline studies. We found that the
significant relationship observed between SCOC and POC flux did not hold when orbgetdafiam the
CCZ were used. Although a positive relationsvedill observegit highlights the need for more data on
benthic ecosystem function in the region. We found that the available in situ SCOC rates from the
western APEIs were within the range of flux measurements from the central equatorial PacificZzand CC
but are at the low end of the scale. In terms of nutrient fluxes, we found a significant and positive effect
of POC flux on silica and phosphate fluxes across the central equatorial Pacific, but not nitrate. These
significant relationships were not se@hen data from the CCZ were plotted against POC flux and nodule
abundance, which highlights the need for more benthic ecosystem functioning data in the region. In terms
of the silicate, phosphate and nitrate fluxes, flux estimates from APEIs 1,3,aqp#dred to be outliers
(confirmed from Cookds Distance analysis) when
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However, due to the limited number of APEI datds available, it was not possible to robustly conclude
whether benthic functio(nutrient fluxes) within these and other APEIs were unique/ similar with respect
to the greater CCZ/ nearlepntractareas.

i. Habitat Mapping and Environmental Data i Kerry Howell and Kirsty McQuaid
Habitat classifications are a versatile tool that banused by managers to support spatial planning in
large, datgpoor areas. Classifications identify and delineate different types of habitats, which are used to
represent biological communities. During this introdugtsession we presentedagp-down, br@ad-scale
habitat classification of the CCZvhich used environmental surrogates to represent variation in species
distributions The environmentavariables used in thelassificationhave been shown to influence species
distribution in the CCZ, and incled topography, POC and nodule abundance. The classification was
carried out using a clustering algorithm, which grouped areas into habitat classes with different
environmental properties. The classification identified 46 habitats across the CCZ, andvéhese
hypothested to support different fauna.

We then presented an assessment of the habitat representativity of the current APEI netwothg using t
classification to identify gaps. This highlighted that several unique habitats with high abduléance

in the central CCZ are not currently protected and showed that many of these habitats overlap with
exploration and/or reserved areas. We suggested that additional APEIls should be established in peripheral
areas and conservatidocused PRZs in ming areas, to protect habitats receiving less than 10%
protection. The classifit@n will be further refined during the workshop and a comparison of the
distribution of values of key environmental variables contained within the APEI network versus mining
exploration and reserved areas will also be carried out.

j. Fossilized Fauna Diva Amon, Erik Simon-Lled6, Daphne Cuvelier, Thomas Dahigren,

Jennifer Durden, Adrian Glover, Kerry Howell, Daniel Jones, Kirsty McQuaid, and

Craig Smith
The CCZ is thoughto host unique, abundant and novel biodiversity in all size classes, so it is widely
acknowledged that caution should be exercised with regards tesdaapining. As additional evidence
of the potential sensitivity of this area to mining disturbancestepert the presence of fossils on the
abyssal seafloor of the CCZ. This is based on observations from the following CCZ areas: UKSRL 1,
OMS, GSR, BGR, OMCO, APEI 1, APEI 3, APEI 4, APEI 6, APEI 7. Additionally, image datasets from
the DISCOL site in the stheast Pacific and the Kiribati EEZ will be used. Observed fossils were mostly
cetacean bones, as well as shark teeth encrusted in polymetallic ore. While organic falls are known from
this area, there has been little published on fossil falls, althowgl #re records stretching back to the
Challenger Expedition. In the near future, we plan to elucidate and publish a scientific paper on the types
of fossils, their densities and potential ages, although given the known encrustation rate of the
polymetallc ore, they are likely millions of years old. Additionally, many of these fossils host fauna
either attached to the fossil itself or sheltering underneath (poriferans, cnidarians, polychaetes, ophiuroids,
asteroids, etc.), showing that these fossils aeinaadditional source of hard substratum and may impact
the benthic community. The presence of easily accessible and potentially unique fossils, as well as the
potential damage resulting from mineral exploitation, has led us to conclude that specianattedt
perhaps additional conservation and management measures should be considered in the Regional
Environmental Management Plan for the CCZ.

k. Seabed Climate Projections: Models, Thresholds and Outcomeis Chih-Lin Wei,
William W. L. Cheung, and Lisa Levin (via Craig Smith and Daniel Jone$

The effects of climate change on the deep ocean include wafhengus et al, 2000) oxygen loss
(Breitburget al, 2018) acidification(Gehlenet al, 2014) changes in ocean circulatifhoggweiler and
Russell, 2008and changes to surface productivi8teinacheet al, 2010)that reduce food supplies to
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the seafloofJoneset al, 2014) Projections of these changes in environmental conditions already exceed
their historical variability (or annual standard deviation between 1951 and 2000) in many parts of the
world deep oceannd will continue to expand over the next 80 years and bef®ndetmaret al, 2017)

Current projections suggest that climettated impacts will occur in all areas targeted for ek
mining (Sweetmaret al, 2017) The impacts of climate change will lead to effects on deapife
including direct impacts to key biological processes including metabolic rates, growth, and reproduction
leading to increases in mortality and range shifts. Circulation variations will alter connectivity among
populations and limit their ability toecover. This will lead to direct effects on ecosystems and the
functions and services they provide. It is likely that cumulative effects from climate drivers and mining
disturbance will interact.

Present projections suggest that the abyssal Paci600>m depth), which includes the Clarion
Clipperton Zone, is expected to experience dissobxden changes df0.37 to 0.03% and changes in

the flux of particulate organic carbon (food supply) to the seafloai3tdf8 to 9.8% between present
conditionsand 2100(Sweetnan et al, 2017) Temperature is expected to increase in the abyssal Pacific

by 0.02 to 0.47 °C by 2100. These changes, particularly those in seafloor POC flux, are expected to lead
to ecosysterscale changes in the deep sea, such as reductions ooséidimasgJoneset al, 2014)

In the coming decades, climateluced changes will affect all areasrafdulemining interestand are
expected to bespatially heterogeneouscros CCZ Overall, thecurrent network of APEIs broadly
represent the climate hazards across the entire region (inclexihgration, reserved and background
are®), i.e., they contain area expected tochimate refuge (little change) or have more resile
(greater baseline variability). In particul&REIs4 and 6 may be the climathange refuig (undergoing
relatively little change by 2021), amdPEIs 1 and 9 may experience the largest impéots, be pushed
farthest beyond their baseline variability in climate driven parameters such as POC flux. it Thus
important to considezlimatechanges in conjunction with mining impacts to improve the effectiveness of
environmental management. Fatample, it may be important to try to manage and differentiate impacts,
such as species loss, directly caused by local mining from those generated at distance or by climate
change(Levin et al, 2019) Incorporating climate change into the management process for mining is an
important consideration for cumulative impact assessment.

This research will be reported by a forthcoming paper:

Lisa Levin, ChihLin Wei, Daniel C. Dunn, Diva J. Amon, Oliver S. Ashford, William Cheung, Ana
Colago, Elva Escobar, Harriet Hardebbavies, Jeffrey C. Drazen, Khaira Ismail, Daniel O. B. Jones,
David Johnson, Jennifer T. Le, Franck Lejzerowicz, Satoshi Mitarai, Telmo Moi@tdpoiSMulsow,

Paul Snelgrove, Andrew Sweetman, Moriaki Yasuhara (in preparation) Climate Change Considerations
are Fundamental to Management of the Deep Sea.
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I.  Metazoan Meiofaunai iDaniela Zeppilli, Ann Vanreusel, Pedro Martinez, Ellen Pape,
Tania Nara Bezera, Freija Hauquier Katja Uhlenkott, Annemiek Vink, and Chisato
Murakami

Meiofauna is defined as all benthic metazoans retained on a 32 um sieve. Meiofauna has a key position in
the food web and a significant role in ecological processes and ecosystem functioning. Outside
chemaynthetic ecosystems, meiofauna tends to dominate the benthic compartment with increasing water
depth. Meiofauna represents the most diversified group in the marine realm, encompassing 24 of the 35
animal phyla. However, considering metazoan meiofaung,tamo groups are dominant: nematodes the
most abundant taxon (8D%), followed by copepods.

In nodule ecosystems, meiofauna is abundant in thecérdtmetes of sediment and the general trend is
confirmed with the dominance of nematodes (80%pfeed by copepods (10%). Nodule meiofauna is
characterized by a high diversity at local scale. When compared to #icskilebyssal plains nodule
nematodes show lower abundance, but a similar genus composition and even higher biodiversity (EG51).
Fifty percentof described species in CCZ are also presethiériPeru Basin, showing that these species

can range over 5004n.

Methodological standardization is fundamental to compare the results from different studies (e.g. in
abundances, SEEvennesy Fa this workshop, data from 173 MUC samples from 7 claims (IFREMER,
GSR, BGR, IOM, UKSRL, OMS, DORD) and 1 APEI (APEI3) were collected in addition to published
data from Singh et al. 2016 and various Radziejewska et al. papers.

The first evidenceanalzing data is that CCZ meiofauna is characterized by spatial and temporal
variability. Spatial variability is demonstrated by the analysis of samples from the S0239 cruise in 2015
visiting 4 contractareas and 1 APEI (3) where a clear gradient in densities and diversity was shown which
followed a gradient in POC flux. Molecular data largely confirmed the morphological results
demonstrating the high number of taxa restricted to one area, and thesiselatv number of shared taxa
between sites.
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Temporal variability is also an important factor shaping CCZ meiofauna. In the BGR claim, meiofauna
abundance in two sites was investigated along a time series of 5 years (2013, 2014, 2015, 2016, 2018).
Mean values are relatively constant between years, butamiiimportant increasén abundance and
variance in 2015.

In the BGR claim, the meiofauna abundance of 88 MUCs coming from different areas and cruises (years)
showed important differencdmtween sites, between years but also high variance within a single MUC.
The high variability inside claims is confirmed when different spatial and temporal datasatslgeas.

Finally, the meiofaunagroup identified potential strategies and dataset@ntwer the main workshop
guestions:

Does species/taxon diversity vary along and across the CCZ?

Meiofauna group strategy:

Inclusion of the new data with literature

Testing the POC flux and local topography (and the combinationthj bs driver structuring
meiofauna communities

Are species ranges generally large compared to the distances between APEIs and contractor
areas?

Meiofauna group strategy:

Combinationof morphological angenetic data

What is the degree afpecies overlap/community similarity between different study locations
across the CCzZ?

Meiofauna group strategy:

Working in progress this week but limited to the Eastern part

Do claim areas have similar levels of species/taxon diversity taorthémal APEI(s)?

Meiofauna group strategy:

Limited meiofauna data in APEIs (only from one) but we can try to predict
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Annex V

BREAKOUT GROUP REPORTS SYNTHESIZING BIODIVERSITY , ECOSYSTEM
FUNCTION AND HABITAT PATTERNS ACROSS THE CLARION CLIPPERTON
ZONE, AND THE EFFECTIVENESS OF THE EXISTING NETWORK OF APEIls

a. MICROBES: BACTERIA AND ARCHAEA i

Taxonomic diversity of Bacteria and Archaea in the ClarionClipperton Zone of the North Pacific
Ocean

Church, M.J, Wear, E.K', Orcutt, B.N?, Young, C.R, Smith, J.M!

!Flathead Lake Biological Station, University of Montana, Polson, Montana, U.S.A.
?Bigelow Laboratory for Ocean Sciences, East Boothbay, Maine, U.S.A.

®National Oceanographic Centre, UniversitySafuthampton, Southampton, U.K.

* Nauru Ocean Resources Inc. (NORI), Nauru

Introduction

The functioning and health of marine ecosysteans tightly connected to extant biodiversity. The
diversity of life has direct influence on numerous ecosystem funciioeiading energy capture, nutrient
cycling, and organic matter production and consumption. In many regions of the ocean, the activities of
microorganisms, defined here as unicellular organismEm2in diameter, dominate many of these
critical ecosysterservices. Marine microorganisms are genetically and metabolically diverse, and include
all three domains of life (Eukarya, Archaea, and Bacteria). Through their collective metabolic activities,
these tiny organisms play globally significant roles in cataty the cycles of numerous elements.
Moreover, marine microorganisms are a major fraction of ocean biomass, particularly in deep sea
ecosystems that compr i se (Véhiomae et al.f 199& &Orcuitthed a. 201 r ge st
Kallmeyer et al. 2012)Despite their importance to habitability in these ecosysteto date, our
knowledge of microbial diversity and function in deep sea ecosystems remains poor. These gaps in our
existing knowledge partly reflect chronic uneéampling of these remote habitats; however, such gaps
also reflect difficulties inherentot studying organisms too small to observe without {pigivered
microscopes, and generally poor success in culturing nate@diyrring microbes. As a result,
contemporary studies of marine microorganism diversity frequently rely on cultivatiependent
methodologies, most notably including DNA sequencing of individual genes, suites of genes, or entire
genomegGiovannoni and Stingl 2005)

The lack of distinguishing morphological structure often observed among microorganisms hinders
traditional taxonomic approachesdiassify these organisms. As a result, comparative assessment of gene
sequences remains the fAgold standardo for assessn
highlighted the enormous genetic reservoir of diversity found among marine mameng, and provide

novel insights into specific ecosystem functions mediated by these orgdbBistreng 2009) The most

common of these approaches relies on polymerase chain reaction (PCR) amplification and sequencing of
ribosomal RNA (rRNA) genes. While other approaches, including those based -®*CRafependent
methodologies €.9., shotgun metagenomics), progidrelevant information for assessing microbial
biodiversity, analysesof microbial biodiversity in ocean ecosystems remain rooted in rRNA gene
phylogeniegPace 2009)

As part of a larger International Seabed Authority (ISA) effort to synthesize ecosycaidarpatterns in
extant biodiversity throughout the Clari@ipperton Zone of the North Pacific, this report summarizes
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data relevant to assessment of microorganisersity. Large areas of the seafloortie CCZ are rich in
polymetallic nodules, making the region a likely target for future mining of ocean minerals. The overall
goal of this report is to review available data from this region to evaluate patterngabial diversity.
Where possible, the report syntlzes information on microorganism diversity in various sampled
habitats €.g.,water column, sediments, and nodules) of the CCZ, inclusive of mining claim areas and
Areas of Particular Environmental lmgiance (APEIs). To assess the novelty of the CCZ region
microbial biodiversity to other deejea habitats, we also include comparistm select published
datasets. For comparability among studies, this report focuses exclusively on diversity of Bacteria
Archaea, based on published and unpublished, -&8Rlified, 16S ribosomal RNA (rRNA) gene
sequence data. The 16S rRNA gene is currently the most widely used genetic indicator for assessing
bacterial and archaeal taxonomy, facilitating use of this ger&er to assess microorganism diversity in
the CCZ.

16S rRNA sequence data utilized for synthesis

There are relatively few studies characterizing microbial biodiversity in the CCZ. For this report, 16S

rRNA gene sequence data specific to the CCZ regiene obtained from public DNA sequence
repositories (e.g., t he National Center for Bi ot
Bi oinformatics Instituteds European Nucleotide Ar
unpublished dataset§ogether, the resulting rRNA gene sequences derived from studiegdpeany a

20-year period (2002018), and included samples collected from contract a@atsactl to the United

Kingdom, Singapore, China, and Germany, as well as several APEIsgHig Table 1). The resulting

collection of sequence data included key microbial habitats in this region, including polymetallic nodules,
abyssal sediments, and water column (spanning from the sunlisunéace waters to the nelaottom

benthic boundaryayer). For purposes of comparability, only 16S rRNA gene sequences derived from
PCRdependent approaches were included for this report.

Sequence data utilized for this synthesis were analyzed using several bioinformatic pipelines (e.g.,
DADA2, QIIME, mothur; however, all alpha diversity measures reported are Amplicon Sequence
Variants from DADA2, Callahan et al. 2016), with taxonomic assignts based on the SILV#L32

reference database (Quast et al. 2013). Hafjatific and geographic patterns in bacterial and archaeal
taxonomic diversity were evaluated based on estimates of species richness (Chaol index) and diversity
(Shannon diversi y H6). The selection of PCR primers used
(Tabl e 1; see discussion of #ALimitations of CCZ
limited the scope of direct comparisons of community composki@ween several studies included in

the metaanalysis. Further, primer choice has been shown to influence measures of richness and diversity

in microbial communitiegKlindworth et al. 2013; Wear et al. 2018)d therefore the comparisons herein

should be interpreted cautiously. There are existing antidoming pending datasets for this region

relying on noAPCRbased methodologie®.¢., shotgun metagenomic sequencing) that will likely be

useful for refining assessments of microbial diversity and function in selected regions of the CCZ (see
Supplemerdl Tables).

Table 1. Microbial sample sets used for reportanalyses PCR primers indicates the name of the
primers used for PCR amplification of rRNA genes. Sequencing technology indicates the approach used
to sequence the DNA librarie€ategory totals @ not include resequenced samples or analytical
replicates

Dataset Location Number of | Number PCR Sequencing | References
samples of sites primers technology
Nodules Total: 129 | Total: 40
Abyssline01 | Eastern 36 8 515F, 806R lllumina Shulse et al
CCz: UK-1 (2017)
Stratum A
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MIDAS Eastern 14 2 515F,806R | Illumina Jones,
CCZ: APEI Hollingswort
6 and Ukl h, Young et
al. in prep.
Abyssline01,| Eastern 13 8 341F, 805R Illumina Lindh et al.
resequenced CCZ: UK-1 (2017)
Stratum A
Abyssline02 | Eastern 76 27 341F, 805R Illumina Lindh et al.
CCZ: UK-1 (2017, 2018)
Stratum B,
OMS
Stratum A,
APEI 6
Blothe 2015 | German 1 1 8F, 1492R| Clone Blothe et al.
claim area &  109F, | libraries (2015)
912R
Wu 2013 Western 2 2 8F, 1492R| Clone Wu et al
ccz, & 571F,| libraries (2013)
probably in U1204R
COMRA
claim area
Sediment Total: 409 | Total: 64
Abyssline01 | Eastern 80 9 515F, 806R| Illumina Shulse et al
CCZ: UK-1 (2017)
Stratum A
MIDAS Eastern 58 19 515F, 806R| lllumina Jones,
CCZ: APEI Hollingswort
6 and Ukl h, Young et
al. in prep.
DeepCCZz Western 2 2 515F, 806R| Illumina Sweetman,
landers CCZ: APEls Cecchetto in
4 and 7 prep.
Abyssline01,| Eastern 37 9 341F, 805R lllumina Lindh et al.
resequenced CCZ: UK-1 (2017)
Stratum A Shulse et al
(2017)
Abyssline02 | Eastern 262 27 341F, 805R lllumina Lindh et al.
CCZ: UK-1 (2017, 2018)
Stratum B,
OMS
Stratum A,
APEI| 6
Wang 2010 | Mid-CCZ: 4 4 27F, 1492R Clone Wang et al.
east and wes libraries (2010)

regions  of
COMRA

contract area
one site nea
the edge of

the
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InterOceanM

etal claim
area
Wu 2013 Western 2 2 8F, 1492R| Clone Wu et al
CccCz, & 571F, | libraries (2013)
probably in U1204R
COMRA
claim area
Xu 2005 Western 1 1 Eubac27F, | Clone Xu et al
CCz, Eubac1492| libraries (2004)
COMRA R &
claim area Arch21F,
Arch958R
Water Total: 110 | Total: 19
column
Abyssline01 | Eastern 24 3 515F, 806R| Illumina Shulse et al
CCZ: UK-1 (2017)
Stratum A
Abysdine01, | Eastern 6 3 341F, 805R Illumina Lindh et al.
resequenced CCZ: UK-1 (2017);
Stratum A Shulse et al
(2017)
Abyssline02 | Eastern 80 10 341F, 805R Illumina Lindh et al.
CCZ: UK-1 (2017, 2018)
Stratum B,
OMS
Stratum A,
APEI 6
Malaspina | Transect, NE 6 6 515FY, llumina Not
corner of 926R published
CCz (Pls:

Sarmento ang
Gasol)

Biodiversity and biogeograhic patterns in Bacteria and Archaea

Analysesof the available 16S rRNA gene sequences from both mining claim areas and APEIs highlighted
the overall paucity of data currently available to evaluate microbial biogeography across the CCZ (Figure
1). For eample, an overall lack of data from adjacent mining claim areas and APEIs make the available
data of limited use for assessing the representativity of the APEIs. Moreover, the vast majority of data
currently available from this region derive from the neastern portion of the CCZ, largely restricted to
sampling conducted in 2015 (including UK1, Ocean Mineral Singapore (OMS), and APEI 6 sites). There
are currently very sparse sequence data available from the central and western CCZ (Table 1; Figure 1).
However, we are aware of research cruises conducted over the past 2 years (e.g., DeepCCZ in 2018,
Mining Impacts in 2019) that will likely improve spatial coverage of this region, including APEIs in the
underrepresented western CCZ (APEIs 1, 4, and 7; seeefugntal Table). Such data will likely provide
important additional information for assessing geographic variability in microbial taxonomic diversity in
the CCZ. Notably, while these forthcoming datasets will extend the longitudinal coverage across the
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CCz, there remains a paucity of data across much of the central CCZ and lack of data from mining claim
areas adjacent to APElIs.

Estimates of Chaol (metric of species richness) and Shannon diversity indices suggest regional similarity
in taxonomic diversity for those areas sampled in the CCZ. Both of these microbial diversity indices
appear similar in claim areas and APEIs (FigureHbwever, for both metrics, there is clear variability

by habitat type and between cruises (which were analyzed with different primers, different sequencing
depths, etc.). In contrast to the apparent spatial stability in microbial diversity observed #maon
different CCZ sampling sites, the available data suggest distinct habitats sustain differences in overall
diversity. This conclusion was also apparent based on rarefactidyseof amplified sequence variants
(ASVs) derived from the different studies (Figure 3). For example, estimates of Shannon indices from
microbial communities inhabiting polymetallic nodules and sediments were greater than those of
corresponding microbial comumities inhabiting the overlying water column (Figure 2). Diversity and
richness associated with polymetallic nodules was typically comparable to the surrounding sediments
(Figures 2 and 3). For theamalysesve did not differentiate microbial communitibased on nodule age,

size, or chemical composition; although such metadata have not typically been reported in studies
examining microbial communities associated with nodules, such metadata could provide additional
information on factors influencing mido@l communities.

These differences in both Chaol and Shannon diversity were also associated with unique overall
community composition between habitats, as shown by amatric multidimensional scaling analysis

of Bray-Curtis distance estimations of enbbial communities sampled from the UK1 and OMS claim
mining areas and APEI 6 (Figure 4A). In particular, sediment and nodule habitats clustered separately
from seawater samples (Figure 4A), with no clear pattern dependent on where samples were collected.
Notably, nodules encompassed almost as much betsasple diversity as the water column samples,
despite coming from a much more limited range of source locafidnis.analysisalso revealed that the

CCZ nodule microbial communities appear distinct fraticrobial communities sampled from ancient

(23 million years old) ferromanganese rinds on seafloor basalts elsewhere in the eastern Pacific Ocean
(Figure 4B, basalarea data from Lee et al., 2015).

These habitaspecific differences in microbial divetgi were further evident in examining relative
abundances of key microbial taxa within the various CCZ regions and habitats sampled (Figure 5).
Although qualitative, several patterns emerge from tteasdyses 1) Vertical patterns in the relative
abundance of key microbial taxa were consistent with known dejgthendent distributions. For
example, several major groups of microorganisms known to be abundant in the upper ocean, including the
photosynthetic cyanobacteria and abundant chemoheterotrophs (eossiinerganic matter for energy

and nutrition,e.g., clades of SAR11), were dominant above 300 m. Similarly, other taxa, including
presumed chemoheterotrophs and chemoautotrophs (organisms that fix carbon dioxide using energy from
oxidation of reduced cingicals, e.g., Thaumarchaeota, Marinimicrobia, and members of the
Deltaproteobacteria), demonstrated elevated relative abundances deeper in the water column consistent
with known distributions of these microorganisms. 2) Sedirasabciated taxa tended te distinct from

those found in the water column; similarly, several microbial taxa appeared preferentially associated with
nodules, including several often considered copiotrophic (those growing optimally under conditions of
elevated nutrients and organimatter, such as members of the Gammaproteobacteria family
Alteromonadales). 3) Nodules appeared highly enriched in microbial taxa known to catalyze key nitrogen
redox transformations (specifically nitrificatioa,g., members of the Thaumarchaeota and nesilof

the Planctomycetes belonging to the family Pirellulaceae).

Limitations of CCZ microbial sequencesanalyses
Synthesis of these existing 16S rRNA gene sequence data from the CCZ revealed several important
limitations that complicated comparatigsadysesacross studies. The selection of PCR primers utilized to
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amplify rRNA genes varied between different studies, largely as an effect of the primers in favor at the
time when the study was conducted (Table 1). In some cases, the different primeredmiidrent
regions of the rRNA gene, hindering direct comparisons of the resulting sequences between studies. In
addition, as with any PCBased approach, amplification biases specific to the PCR primers have a direct
influence on theepresentabilityof available rRNA gene sequences. In particular, some of the sequences
utilized as part of this synthesis relied on 16S rRNA gene primers with known amplification biases to
specific taxa of Bacteria and Archaea, including taxa known to be abundant in e@gystemse.g.,

Apprill et al. 2015; Walters et al. 2015; Parada et al. 200i&) combination of biases and different target
regions have additionally been shown to influence measures of di@tsitghworth et al. 2013; Wear et

al. 2018) making comparativanalysedetween studies difficult. Among the data utilized for this report,
those deriving from amplification andumina sequencing of the V4 region of the 16S rRNA gene
formed the largest dataset for preliminary assessment of geographic and biodiversity comparisons.

In addition to these primatependent limitations, the 16S rRNA gene sequence database collettés for

report derived from studies utilizing Sangersed sequencing of cloned PCR amplified genes, and from
studies that utilized higthroughput (lllumina) sequencing of barcoded PCR amplicons. These two
methodological approaches yield vastly differentnbers of sequences per sample (Figure 6) and
sequence read lengths. For example, the number of sequences per sample reported from studies relying on
cloning were often <100 sequence reads per sample, while studies reporting sequences based on barcoded
ampicons typically reported >30,000 sequence reads per sample (Figure 6). As a result, we opted not to
include measures of richness and diversity from the clone library samples, as these metrics would
certainly be underestimates; however, this does elimmatability to comment on the alpha diversity of

claim areas in the western CCZ at this time, as those areas have exclusively been sequenced using clone
libraries.

Summary of Gaps and Limitations

1 The currently available data provide very poor temporal apatial resolution in the CCZ;
however, this may improve through inclusion of forthcoming datasets, DeepCCZ in the
western APEIs, Miningmpacts in the eastern CCZ) and through inclusion of contractor claim
area samples.

1 The available sequence daimit our ability to assess representability of APEls; there is currently
poor spatial sampling resolution of mining claim areas adjacent to APElIs.

1 Methodological differences(g.,PCR primers, sequencing approaches) among the existing data
make comparnig across studies difficult.

1 The existing data currently allow taxonomic classification of microorganisms; however, a
limitation of such taxonomic data is the inability to connect taxonomy to ecosystem function in
uncultured and minimally studied deseataxa. There are approaches to connect environmental
microbial taxonomy to function (e.g., metagenomics, isotopic tracers), but these approaches are
rapidly evolving and currently require specialized training and significant resources. Moreover,
many of tlese approaches are not currently standardized for baseline monitoring.

Conclusions
1 For those sites where we have large sequence datasets (claim areas UK1 and OMS, and APEI 6,
and sediments from APEIs 4 and 7), we have sufficient data to examine bautdriaichaeal
taxonomic diversity.
1 Based on the limited data currently available, we do not see significant regional (East to West) or
claim area to APEspecific differences in bacterial and archaeal taxonomic diversity (species
richness, Shannon divetgior broad trends in community composition).
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rRNA gene amplicon sequencing aadalysesare useful for insight into microbial taxonomic
diversity in the CCZ abyssal seafloor habitats.

Bacterial and archaeal biodiversity varies significantly among-deapabitats (i.e., sediments,
nodules, and seawater), with both greater Shannon diversity and greater variability in community
composition observed among sediments and nodules.

The emergent data suggest habiecific (sediment, nodules, seawatakonomic distributions,

and that these differences in microbial communities may result in different ecosystem services
(i.e., nitrogen and carbon cycling).

We currently do not have sufficient information to assess whether removal or disturbance of
specifc abyssal habitats will impact ecosystem services currently provided by microorganisms.
Information needed to inform understanding of how disturbance may alter ecosystem services
will require additional observations, including measures of microbial bionasg
biogeochemical function.
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’Eég Polymetallic Nodules Exploration Areas in the Clarion-Clipperton Fracture Zone
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Figure 1. Map of CCZ mining claim areas and APEIls. Symbols depict study regions where samples were
collected for assessment of microbial taxonomic diversity.
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Figure 2. Shannon diversity (log base 2) and Chaol estimated richness, based on amplicon sequence
variant relative abundances from all datasets sequenced using Illlumina. Panels A and E: Data from all
sites are grouped together, by habitat type. PanBlsaBd FH: Samples were subdivided by habitat type
then by sampling region and cruise (ABO1 and ABO2 here are the Abyssline cruises). Sampling sites are
arranged roughly from west to east along thax. In all panels, the boxes represent the medidh, 25

and 7% percentiles of the data, error bars tfleafd 9%' percentiles, and filled circles outliers.
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Figure 3. Rarefaction curves depicting richness of amplified sequence variants in different CCZ habitats.
Only data from Abyssline01 and MIDAS studies m@uded in thesanalysedecause these studies

utilized the same PCR primers. The solid line is the median rarefaction curve of all

samples from a habitat, and the dashed lines are the maximum and minimum curves. Samples

were rarefied to a standard s@e5000 sequences, which was smaller than the observed

sequence yield for samples in these datasets.
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Figure 4. Beta diversity of CCZ microbial communities. A. Naretric multidimensional ordination of
bacterial community composition data from the UK1 and OMS mining claim areas and APEI 6 (based on
sequence data from Abyssline02 and Abyssline01, with individuatpooded by habitat type. Each

point represents a full community and proximity of points indicates overall community similarity. Note

the clear distinction between water column samples and benthic substrates (sediment and nodules). B.
Benthic CCZ communigs appear distinct from those in parts of the deep seafloor where the crust is
dominated by basalt, even when communities are compared at the relatively coarse phylum level, as was
the case here (CCZ samplesarealyzed from Shulse et al, 2017; basath samples from Orcutt et al. in
review).
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Thaumarchaeota: Nitrosopumilaceae
Acidobacteria

Deltaproteobacteria

Bacteroidia: Cytophagales: Cyclobacteriaceae
Planctomycetes: Pirellulaceae
Alphaproteobacteria: Rhizobiales
Alphaproteobacteria: Rhodovibrionales
Gammaproteobacteria: Alteromonadales
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Figure 5. Qualitative frequency data of bacterial and archaeal groups at various taxonomic levels of
interest, separated by habitat type and broad CCZ location. Dark blue squares and white squares are
assessed at a high confidence; the intermediate colors are abundances about which we are less confident,
given our current sample availability.
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Supplemental Tables. Additional microbial datasets currently available from the CCZ not

incorporated in this meta-analysis.Amplicon datasets were not included because the raw sequence data
were not publicly available at the time the matelysis was conttted. Metagenomic samples were not
included because the sequence density is hot comparable to the amplicon datasets that currently constitute
the bulk of the extant data.

Dataset Location Number | Number | PCR Sequencing | References
of of sites | primers technology
samples
Nodules Total: >3 | Total: 2
Cho 2018 Central CCZ: 3 1 27F, Clone Cho et al.
KODOS 1522R and| libraries (2018)
21F, 958R
Ye 2010 Western CCZ: | Unknown | 1 Unknown | Clone Ye et al.
COMRA libraries (2010)
Sediment 18 12
Cho 2018 Central CCZ: 3 1 27F, Clone Cho et al.
KODOS 1522R and| libraries (2018)
21F, 958R
Dong 2016 Western CCZ | 9 9 Unknown | lllumina Dong et al.
(2016)
Jing 2016 Western CCZ: | 6 2 Unknown | Clone Jing et al.
COMRA libraries (2016)
Metagenomes Total: 7 | Total: 5
Abyssline01: | Eastern CCZ, 2 2 N/A lumina Evans,
nodules UK-1 Stratum A HiSeq Shulse eal.
in prep
Malaspina: Northeastern 1 1 N/A lllumina Pernice et al.
Pernice 2016 | CCZ HiSeq (2016)
Tara Oceans: | Eastern CCZ 3 1 N/A lllumina Pesant et al.
water column HiSeq (2015)
Xu 2007 Western CCZ: in 1 1 N/A Cosmid Xu et al.
or near COMRA library (2007)

Microbial datasets from the CCZ anticipated in the near future.Microbial sequence datasets in
progress at the time of the workshop.

Dataset Location Sample type(s) Contacts
DeepCCZz Western CCZ: APEIs 1, | Nodules: ~10 samples oveg M. Church, E. Wear,
4 and 7 2 sites University of Montana
Sediments: ~100 over 5
sites
Water column: ~144 over
12 sites
And select metagenomes
JPI Oceans: Eastern CCZ: Belgian | Sediments Max Planck Institute and
Mininglmpact | and German contract Water column, especially | Alfred Wagner Institute
2 project areas benthic boundary layer Project coordinator: M.
Haeckel, GEOMAR
GEOTRACES | Western CCZ: meridiong Water column BioGeoTraces group: D.
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Introduction

In this chapter the main patterns in biodiversity and biogeography of metazoan meiofauna over the CCZ
and adjacent areas taxa will be discussed. Meiofauna is the group of sedivatimy, smalsized
organisms that are retained on a 82 sieve (see LTC guidelines). Meiofauna represents among the most
diversified communities of the marine realm (Figure 1). They mainly consist of nematodes representing
up to 90 % of the total community followed bgpepods representing about 10 % or less. Several other
taxa are occasionally present in various numbers. They include taxa such as TarHig@digncha,
Ostracoda and_oricifera which are considered as permanent meiofauna while also somar¢axa
represented by juveniles such as Polychaeta, Amphipoda and Isopluelalatter are considered
temporary meiofauna. Their high abundance and diversity, their general distribution, their rapid
generation time and fast metabolic rates make meiofauna tempdn ecosystem functions such as
nutrient cycling and energy transfer to higher trophic levels (Woodward 2010). Furthermore, meiofauna
can be used as a proxy for responses of benthic communities to environmental changes and anthropogenic
impacts (Zeppill et al. 2015). The benthic size class of theiofauna is the most numerous and may be

the most diverse metazoan taxa in nodule areas and adjacent abyssal plains (Radziejewska 2014).

By demonstrating patterns in biodiversity and distribution of taxhdrClarion Clipperton Fracture Zone
we will answer a set of specific questions which are related to the main objectives of this workshop.

Does meiofauna diversity vary along and across the CCZ?

Do claim areas have similar levels of biodiversity to theipnal APEI(s)?

What is the degree of community similarity between different locations across the CCZ?

Are species ranges generally large compared to the distances between APEIs and contractor
areas?
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Figure 1. lllustration of dominanteiofauna groups wit on the left side a tardigrade, a kinorhynch and
harpacticoid copepod and in the middle and right different nematode specimens © Gilles Martin/Ifremer.

Methods

Datasets
Meiofauna datasetsvailable for the DeepCCZ workshop came from 7 contractor &R, IFREMER,
IOM, BGR, UKSRL, OMS, DORD) and 4 APEIls (APEI1, APEI3, APEI4 and APEI7) for a total of 201
samples (Table 1 and Figure 2).

58



Table 1. Meiofaunadatasets used for the synthesis. C= contractor, RP= Research Project, x =
morphologic/taxonomic/genetic data, $ = eDNA data. N MUC Dep = number of multicore deplayments

Contributor N MUC | Owner Claim/ Meiofauna Meiofauna Nematode | Copepoda
Dep APEI abundance | composition | diversity diversity
IFREMER 17 IFREMER [ IFREMER | x X X X
(€)
UGent 38 GSR (C) GSR, X X X
JPIO2 (RP) | APEI3,
IFREMER
IOM
SNG 88 BGR (C)|BGR, X X X X
10 UKSRL (C) | UKSRL,
OMS,GSR,
IFREMER,
APEI3
DORD 20 DORD (C) | DORD X
DEEPCCZ 18 APEI1, $ $ $
(ROV APEI4,
Push APEI7
cores) +
10
(Nodule
s)
TOTAL 201 7 claims,
4 APEI
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Figure 2: CCZ locations for which meiofauna data were made available for the DeepCCZ workshop.

Morphological datasets

Sampling was conducted in the CCZ during the EcoResponse cruise SO239 with RV Sonne (Martinez
Arbizu and Haeckel, 2015) in Marichpril 2015. Six different sites situated in fooontractareas and

APEI3, as established by the ISA, were visited to studyrttiefauna among other thingsSamples for
morphological as well as molecular analysis were collected but here only the morphological data are used.
In addition, samples were collected in the GSR area in the framewatkntfactorenvironmental
baselinestudies in 2015 and 2017. Details on sampling and processing of samples are provided
respectively in Hauquier et al (2019Ecoresponse Cruise) and Pape et al (2017) (GSR baseline studies)
Baseline studies carried out by BGR contributed 88 Multicoreloglegents between 2010 and 2018 but

data are not included here. Samples were collected in the east zone of the French mining claim area of the
Pacific Nodule Province during the iNud?2004aTeh camp:
stations were sangd from two sites category, nodules area and outside nodules area, using multicore
(9.5 cm in diameter) down to 5 cm depth. During ABYSSLINE | and Il cruises, samples were taken in the
UKSRL area and in the OMS area with RV Melville and RV Thompson.

Molecular datasets

Deep CCZ: Environmental DNA (eDNA) biotic surveys were conducted in the western Clarion
Clipperton Zone as part of the DeepCCZ field program on RV Kilo Moana crui8e 38diment and
polymetallic nodules samples were collected in APEIs dnal7. Sediments and nodules were collected
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on abyssal plains by ROV pushres (7 cm diameter), with 2 dives in APEI2 dives in APEH, and 2

dives in APEI1, with 25 cores collected for eDNA on each ROV dive. Sediment samples were
subsampled foeDNA at 32 cm and & cm sediment horizons. Polymetallic nodules were either
collected using push cores or by the manipulator arm of the EOKkaryotic communities were
characterized by amplicon sequencing using two genetic markers, the V4 regiorl85thHeNA gene
(approximately 450 base pairs [bp]) and a fragment (ca. 350 bp) of the mitochondrial COI gene. For 18S
rRNA, the eukar yotAGE GCAAKWEBTGCAITACRCA G&NF :ansdNjr ever se
Uni 18 SGRC GGTNATC TRA TCG YCT T3 Nj p r(dhaneet ab.,, 2013yere used; For COI,

theuni ver sal met az o a nGGIVrACW &GW TGAIACW IGTW TAY .CCYsQE3 N;j

and | gHCOAR AQYSTCI GBRITGI CCR AAR AAY CA3 (ljeray et al., 2013)Samples were

sequenced on two MiSeq Illumildanes sing V3 chemistry and paireehd sequencing (2x300

bp).Data were processed through a Qiime2/DADAZ2 bioinformatic pipeline, including quality filtering,
denoising, merging and chimera removahplicon sequence variants (ASVs), or unique genetic variants
comparable to high resolution operational taxonomic uniB®s ) ( Cal | a hfer nematadesal . 20
harpacticoids, and other meiofaunal organisms were analyzed in reference to environmental variables
(Table 2).

Table 2:EdnaASVrichness of major mefiaunal groups

Taxa ASV Richness
Nematoda 775
Harpacticoida 135
Gastrotricha 26

Loricifera 24
Kinorhyncha 5

Tardigrada 0

Rotifera 1

Graphical representation

Most graphs were made in R using the package ggplot2 (Wickham, 2016) and grouped with cowplot
(Wilke, 2019). The R package INEXT was used to construct rarefaction and extrapolation curves based
on nematode species (abundance data) and nematode and caf®podhness (incidence data) (Hsieh

et al. 2016, 2019). Richness was estimated using Chao2 through the R package iNEXan(Clusb

2012). Shaded, colored areas indicate the 95 % confidence intervals obtained from a bootstrap method
based on 200 replites. Horizontal dotted grey lines (top two panels) indicate maximum interpolation
values for each sample typBampling coverage, defined as the inverse probability of adding a new

61



species with each sample, is included to compare richness between samgiffering sampling
efficiencies (Chao & Jost, 2012¥.ertical dotted grey lines (bottom panel) indicate the value at base
coverage, defined as the highest coverage value between minimum extrapolated values and maximum
interpolated values. We performedtl sample size (number of individuals for species, number of reads

for ASVs) and sample coveratjased rarefaction and extrapolation, as the former may misrepresent the
degree of differences in taxon richness between communities (see Chao and JosiT @0is?jalize the

number of shared and unique species and ASVs between different sites sampled, UpSet plots were created
by means of the package UpSetR (Gehlenborg, 2019).

Results andDiscussion

Biodiversity analysis

For the biodiversity analysis we applied a dual approacha first set ofanalyseswe identified the
relationship between diversity and abundances argBafloor POC flux. The rationale behind this
approach is that areas with the highest POC flexiramgeneral characterized by the highest abundances
(Hauquier et a) 2019). Furthermore, our data show that these areas are also the most taxon rich areas.
Therefore, it is important that APEIls are sufficiently representing the mostrifdogarts of tke CCZ

with the highest regional POC flux. A strong correlation was found for Copepoda morphospecies density
and abundances within core samples in the UKSRL contractor areas illustrating that an increase in
numbers of specimens brings in a similar proparoé new species per sample (Figure 3). This pattern
was also observed in the IFREMER contractor area in samples collected thariNgdinaut Cruise
(Ramirez et al., 2010).
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Figure 3. XY scatterplot for benthic copepod species density vaususer of adult individuals per core

(on the left) andrersus all copepods, including juveniles (on the right). Data are provided by Menzel and
Martinez (unpublished) from UK seabed resources (on the left) and by Mahatma and Martinez,
unpublished from Nodaut cruig from thesasternFrench Claim ¢n the right).
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For nematode genera and species based on a datasebmtfaktareas and APEI 3, all situated in the
North eastern part of the CCZ but representing a pronounced POC gradient, a similar pesdiveas

found between taxa richness and total nematode densities (Figure 4). The increasing trend at
morphospecies level is very similar as for the genera, though with values nearly twice as high.
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Figure 4. XY scatterplot of nematode genus (blue symbols) and species (black symbals) richness versus
abundances per core. Data are from Hauquier et al (2019) and (Pape et al, 2016 and unpublished data
from GSR)

Figure 5 demonstrates the distinct POC flagimes for 3 Western APEIs (1, 4 and 7). Meiofaunal ASV
richness increases with increasing POC flux (R2 = 0.30). When separated by dominant meiofaunal
components, this trend is strongly determined by nematode diversity. Nematodes make up over 80.3% of
the ASV richness for meiofauna, while harpacticoids only make up 14%. Representation by other groups
(Gastrotrichs, Kinorhynchs, Rotifers etc.) was <1%. Nematode ASV richness increased with increasing
values of seafloor POC fluXhis trend was however nobserved for copepod ASV richness (Figure 5).
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Figure 5: Meiofauna ASV richness with POC flux for Western CCZ APElIs. Data is pooled per sample
from 18S eDNA and only includes samples from plains from both nodules and seB@@ritux was
extractedrom the Lutz model estimated POC flux for each sampling location.

I n a second approach,

we

identified

t he

rarefactdi

Western CCZ and nematode morphospecies from the Eastern CCZ) to demonstraatiadhebegween

regional biodiversity and POC flux.

Amplicon sequence variant (ASV) sampling coverage and richness for each APEI is reported in Figure 6.
Fig 6A shows that APEI 4, 7 had similar sampling efficiencies. Fig 6B shows massive wsatapling.

Fig 6C is rarefaction based on sample coverage and showssamdeling. Both the sample size (B) and
sample coverage (C) based rarefaction and extrapolation curves stimNedest species richness in

APEI 1, (lowest seafloor POC flux), and highest rieks in APEI 7 (highest seafloor POC flux).
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Figure 6. Amplicon sequence variant (ASV, 18S) sampling coverage and richness within APEIs 1, 4 and 7

(western CCZ). All meiofaunal groups listed in Table 2 are included.
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Figure 7. Nematode morphospecies plng coverage and richness for the eastern CCZ and DISCOL
area (Peru Basin

Also for the nematode morphospecies, richness was not fully characterized by the samples taken in the 5
areas (sampleoveragaanged between 75 and 85%; Figure 7A) which wss avidenced by the lack of
asymptotes in the sample sizased rarefaction curves (Figure 7B). Both the sample size (B) and sample
coverage (C) based rarefaction and extrapolation curves shbekmvest species richness in APE|
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IOM and IFREMER (lowesseafloor POC flux), and highest richness in the DISCOL and GSR area
(highest seafloor POC flux).

Both approaches for different datasets and areas confirm that local and regional diversity are highest in
areas with the largest input of organic material.

Community composition

By usingUpSet di agrams we show for different datasets (
specific areas in the CCZ are characterized by a high number of unshared taxagéagréss while the

number of shared taxaetween 2 or more areas is low (%) and decreasing with the number of areas
involved.
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Figure 8. UpSet plot of taxon sharing between APEIs 1, 4, and 7 for nematodes and harpacticoids, from
eDNA amplicon sequencing of 18S rRNA V4 of sediment samples.

Also, the UpSet plot based on nematode morphospecies demonstrates that most nematode species have
been collected only in single areas, i.e. 3 QoAtractareas, APEI 3 and the DISCOL site in the Peru

Basin (see Figure 9). Only a limited number of spearesshared between multiple areas. 17 out of the

424 morphospecies (4%) in total are shared between all 5 areas. DISCOL shares nearly 50% of its
morphospecies with the CCZ (86 out of 176 species).
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Figure 9. Upset plot of nematode (morpho)speciesgsh in the CCZ and DISCOL (Peru Basin). In the
CCz, differentontractareas and APEI 3 were sampled.

Species ranges

Despite the high number of rare taxa that are unique for one specific area, there are also several taxa that
are shared not only between different areas in the CCZ but also with the Peru basin or even with areas
outside the Pacific. For nematode morphogse@entifications based on the dataset of Hauquier et al
(2019), 15 morphospecies present in the samples of the Eastern CCZ are also known from the Peru Basin,
while 14 morphospecies had a wide distribution including Atlantic, Arctic, Mediterraneanoatite

Ocears.

For harpacticoid copepods, Menzel et al. (2011) studied distribution ranges of species belonging to the
abyssal genubesocletodesFrom 102 species studied, only one species was exdjusioen the CCZ
(Nodinaut area) and 20 additionaksfes present in the CCZ were shared with the Atlantic Ocean.
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Conclusions

Since meiofaunalocal diversity increases with abundances least for the dominant taxa such as
nematodes and copepods, we can expect the highest biodiversity in the areas with highest surface
productivity and resulting POC flux. Furthermore, our data effectively show that both local and regional
diversity inceases with POC fluxTherefore it is important that APEls sufficiently represent the most

food rich parts of the CCZ with the highest regional POC flux.

In addition, it is important to consider the observation that there are no dominant species. test of
species are locally rare. Only a small percentage of the species are shared between two or more claim
areas. Therefore, it is equally important that APEIs are sufficiently spread across the present
environmental gradients to make sure that the highbxew of locally rare species are protected.

Furthermorethe high number of rare species requires an increase in research effort on local biodiversity
both in APEIs and claim areas. Remarkably, several species also show evidence of a wide geographical
distribution. However, we assume everything is not everywhere since the environment is a determining
factor in their distribution, as indicated by different meiofauna communities present in different
environments (vents, seeps, abyss). There is a lack efjrated taxonomic work combining
morphological descriptions with molecular and functional characterization that hinders comparison of
species distributions over wider geographical scales as illustrated by the large amount of new species and
the low represatation of deefsea species in GeBank.

Conclusions

Since meiofauradiversity increases with densities for the dominant taxa, we can expect the highest
biodiversity in the areas with highest surface productivity and resulting POC flux.

0 There are no duinant species. Most of the species are locally rare. Only a small percentage of
the species are shared between two or more claim areas.

0 Local and regional meiofaunal divessis high and undesampled, as demonstrated by the fact
that most rarefactionucves do not reach an asymptote.
0 Several meiofaunal species show evidence of a wide geographical distribution.
0 However, everything is not everywhere since environment is a determining factor in their
distribution.
Therefore

0 Itis important that APEIs suitfiently represent the most foeith (foodpoor) parts of the CCZ

with the highest (and lowest) regional POC flux
0 It is equally important that APEIls are sufficiently spread covering the present environmental
gradients to make sure that the high numbéoaidlly rare species are protected
It is important to increase the research efforARPEIsin comparison with claim areas because
APEls are very poorly sampled
The high number of rare species requires an increase in research effort on local and regional
biodiversity

(@]

[@]3

Gaps

(@]

APEIls are very poorly sampled: There is only 1 small dataset for meiofauna that compares an
APEI with some claim areas; and another that compares meiofauna among AB&sn
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(@]

There is a lack of taxonomic work that allowsmparison of gecies distributions over wider
geographical scales

There is a lack of reference data comparing barcoded and vouchered meiofauna specimens (i.e.,
comparing identifications based on molecular versus morphological approaches)

Biodiversity data are based ¢imited sample sets from all areas of the CCZ, with some large
areas (including most APEIs) entirely unsampled

(@]

O«
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Introduction

The foraminifera are sheflearing protists (protozoans) that constitute an important element cteaep

bentht communities. Meiofaurai zed species with relatively robu
often composed of secreted calcium carbonate, are well known from the geological literature, and many
species have been described. However, in the abyssaleleeps hese &6familiard forar
outnumbered by delicate singtbambered forms (monothalamids) with agglutinated or orgaailed

tests. These are pootkypown and, in contrast to the multichambered taxa, are largely undescribed. They

are ®mmon in meiofaunal samples but also often dominate the macrofauna collected in epibenthic sledge

and box core samples. A group of even larger agglutinated foraminifera, the xenophyophores, are visible

in seafloor photographs and constitute the dominamgafaenal organisms in the nodule fields of the

CCZ. Finally, sessile foraminifera are very abundant on the polymetallic nodules themselves. Thus, many

of the foraminifera encountered in samples from the CCZ will be undescribed monothalamids, although
therore O6familiard multichambered types are al so pr

Because the foraminiferal cell is enclosed within a test, it is necessary to distinguish specimens that were
alive when collected from those that were dead, most commonly by staining with Rose Bangsl.

also be necessary, particularly where monothalamids are abundant, to distinguish complete tests from
fragments.

Distribution and Nature of Data

Quantitative data (abundance, species richness etc.) for meiofaunal foraminifera are available mainly
from the eastern CCZ: UK and OMS areas (Goineau and Gooday, 2017, 2019; Gooday and Goineau,
2019), the IOM area (Z. Stachowska et al., unpublished), and the Kaplan East (KE; Nozawa 2005 M.Sc
thesis; Nozawa et al., 2006) and Kaplan Central (KC; Ohkaw@ta PhD thesis) sites (Table 1). Two
unpublished undergraduate theses based on samples from the JET site provide the only quantitative data
from the western CCZ (Okamoto, 1998; Nozawa, 2003). Qualitative data (i.e., species occurrences) are
derived mainlyfrom epibenthic sledge and box core samples obtained in thg, GHS, IOM, German,
Belgium, French and Russian areas and ABRHl located in the eastern half of the CCZ (Kamenskaya

et al.,, 2012, 2013; Gooday unpublished, Kamenskaya unpublished; Wialke¥yydrowska
unpublished). Most of these data are for macrofasizald species. Additional species occurrences for
mainly meiofaunabized taxa can be derived from the quantitative datasets and from published sources
(Radziejewska et al., 2006; Ohkawaaet al., 2009). Genetic data (SSU rRNA gene sequences) are
available for some meiofaunal species from the OMS and. dkeas.

Megafaunaisized xenophyophores were collected in the Russian]l dkd OMS areas and APEI 6, all
located in the eastern CCZ (anskaya 2005; Kamenskaya et al., 2015, 2017; Gooday et al., 2017a,b,c,
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2018a,b) (Table 1). A small collection of specimens was obtained in APEIs 1, 4 and 7 in the western CCZ
(Gooday, Durden et alin revisior). Genetic data were derived from 23 xenaphore species

from OMS, UK-1 and APEIs 1 and 4. Qualitative data on sessile foraminifera encrusting nodules
are available from the French (IFREMER)MS, UK-1 areas, and 15°N,125°W in the eastern
CCZ (Mullineaux 1987, 1988; Veillettet al., 2007). Finally, samples for environmental DNA
and RNA (eDNA/eRNA) analyseswere collected in the UK and OMS areas during
ABYSSLINE cruise, with additional samples being obtained from three parts of the BGR area
(MANGAN cruise) and French area BNOD cruise).

Table 1. Distribution of samples from the CCZ used for foraminiferal studies. MuC = megacorer; EBS =
epibenthic sled; Qt = quantitative data; QI = qualitative data. The righnhd column shosthe numbers
of sediment samplesalyzedor eDNA and eRNA from different areas.

Sampling site MuC EBS | Xenophyophores Nodule | eDNA/
fauna RNA

Sieve mesh (um) >32 | >150 | >250

Eastern CCZ Ql 65/65

UK-1 Qt Taxonomy Ql 66/66

OMS Qt Taxonomy

BGR Ql 43/28

GSR Ql

IOM Qt Ql

IFREMER (east) Ql Ql 3/3

Russian Taxonomy

APEI-3 Ql

APEI-6 Taxonomy

Kaplan East Qt

Kaplan Central Qt

Western CCZ

French (west) Ql

JET Qt

APEI-1 Taxonomy

APEI-4 Taxonomy

APEI-7 Taxonomy

Biodiversity
Morphological data

CCZ foraminifera are very diverse. Eleven megacorer sample<ii® layer, 250-um fraction) from the

UK-1 Strata A and B and the OMS Stratum yielded a grand total of 580 morphospecies (represented by
live and dead tests and by live and dead fragments) (Goineau and Gooday, 2019) (Fig. 1). The combined
datasets included a few ralely common morphospecies (represented by >100 specimens) but the
majority were uncommon and 29% were represented by singletons, a pattern typical -skaleep
foraminiferal assemblages generally. A subset of 5 samples sieved on a fjnar r68sh yielded62
morphospecies, of which 170 were not present in the coarser-geipfiactions (Gooday and Goineau,
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2019). Three samples from the IOM area have also yielded diverse foraminiferal assemblages, comprising
a total of 187 species, despite being sieved ooarser (25Qim) mesh (Stachowska, unpublished).

In the UK-1 and OMS areas, species were still being added after 11 samples (Fig. 2), and rarefaction
curves did not reach an asymptote (Fig. 3), suggesting that the total number of species (>150 um) was
higher. Estimates for total species numbers ranged from 690 (aburbased estimator ACE) to 877
(incidencebased estimator Jacknife 2) (Goineau and Gooday, 2019).

g8 8 8 B8

2

S[OAPIAIPUT
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29% singletons
|
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1 g1 101 151 201 251 301 351 401 451 201 81
Species

Fig. 1. Species from 11 megacorer samples {UK and OMS s i fraetion), rankéd5by & m
abundance. Data from Goineau and Gooday (2019).
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Fig. 2. Solid line: cumulative number of species in 11 megacorer samples frelrStfta A and B and
OMS Stratum (eastern CCZ). Dotted line: number of species added with each nésv Baonp Goineau
and Gooday (2019).
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There was no obvious difference in species richness betweeth bid OMS strata separated by
distances of up to 224 km, as indicated by the intermingling of rarefaction curves (Fig. 3).

200 A
180 A
160 -
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number of specimens

Fig. 3. Rarefaction curves fdrl megacorer samples-(0cm layer, >156um fraction) from UK1 Strata
A (red) and B (green) and OMS Stratum (blue). Data from Goineau and Gooday (2019).

Inconsistencies in sample sizes and the methods usathlgrethe samples (notably sieve mesh sizes

limit the comparison of data across wider areas of the CCZ (Table 1). The only comparable quantitative
samples are those obtained at the KE (eastern CCZ) and JET (western CCZ) sites, whictalywzesd

by the same person using the same methods (Na2@®& 2006). Slightly more species represented by
complete specimens werecognize in samples from the JET site (171 species among 1702 specimens;
mean 31.6£15.3 per sample) compared to the those from the KE site (168 species among 983 specimens;
mean 272+8.1 per sample). Although the difference in the mean number of species per sample was not
significant (p = 0.5356), rarefied species richness is slightly higher at KE than at JET (Fig. 4).
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Fig. 4. Rarefaction curves for the Kapl&ast (red) and JET (blue) sites. Data based on the >63 pm
fraction of the 61 cm layer of megacorer subcores (Nozawa 2003, 2005).

Meiofaunal foraminifera in quantitative samples are dominated by monothalamids. Among complete
individuals they represent anodi 75% of the 580 species (>150 um) from the-Ulind OMS sites
(Goineau and Gooday, 2019), a similar proportion of 187 species (>250 um) at the IOM site (Stachowska
unpublished) and 83.7% of 168 species (>63 um) at Kaplan East (Nozawa, 2005; Nozaynz066xl

all located in the eastern CCD (15°N, 116120°W; 40894440 m). At Kaplan Central, 82.2% of
species were monothalamids (Ohkawara, 2011), while the proportion of monothalamids at the JET site in
the western CCZ, was, surprisingly, somewhateo{4.2% of 171 species >63 um) (Nozawa, 2003).
Most of the remaining complete foraminiferal tests in these samples belonged to multichambered
agglutinated taxa; the proportion of calcareous taxa was small: 7.9%-at#tJRMS, 5.9% at KC site,
butlessamng t he finer fractions at KE (<5%) and the

Qualitative epibenthic sledge samples (>300 um fraction) typically yield abundant macreafizedal
monothalamids. Samples from five sites in the eastern CCZ (German, IOM, Belgium, FrencREnd A

3) sorted by the same people using consistent methods yielded 159 foraminiferal species, all of them
monothalamids (Wawrzynia/ydrowska and Gooday, unpublished). A study of photographs provided

by Olga Kamenskaya (Shirshov Institute, Moscow) of maenaél foraminifera from the French, German

and Russian areas have added some 30 morphospecies to the list from the CCZ.

Eastern CCZ samples have yielded 53 xenophyophore species (megatadnfmraminifera), 38 in the

UK-1 and OMS areas, 12 in the Rassiarea, and 9 in APEI 3 (Kamenskaya 2005; Kamenskaya et al.,
2015, 2017; Gooday et al., 2017a,b,c, 2018a,b). In the western CCZ, xenophyophores collected by an
ROV in APEIs 1, 4 and 7 have revealed a further 10 morphospecies, bringing the total foZthe &C

whole to 63. Seventeen of these species have been formally described (the majority in the last few years).
These represent 22% of the global total of described xenophyophore specesphiadizehe status of

the CCZ as an area of unusually highgaf@aunal xenophyophore diversity (Gooday et al., 2017a).
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Finally, foraminifera and foraminiferlike protists, are common on polymetallic nodules. In the eastern
and western French areas, Veillette et al. (2007) distinguished 68 morphospecies attantiele$owith
another 5 loosely associated species (Table 2).

Table 2. Number of foraminiferal morphospecies and nodules studied at 3 eastern and 1 western site
(French claim areas). Data from Veillette et al. (2007).

Site East site A East site B East sie C West site
Position 14°N, 130°W 9°N, 150°W
Number of nodules 15 50 39 131

No. morphospecies 47 63 66 63

A total of 86 sessile foraminifera attached to selected nodules from thk d/&a wereecognizé by

Gooday et al. (2015). A detailed study of nodeiherusting foraminifera from the OMS area, as well as
UK-1 area, will certainly increase this number further. These assemblages can be compared with those
from more westerly CCZ sites (the two Frencleaa), illustrated in the Supplementary Material to
Veillette et al. (2007), as well as those illustrated by Mullineaux (1987, 1988) from the eastern CCZ
(15°N, 125°W) and the central North Pacific (30°N, 157°W).

Based on these morphologiealalyseswe estimate that the total number of foraminiferal morphospecies
across all size fractions (meiofaunal, macrofaunal, megafaunal), sessile as wellli@nfeeust be
well in excess of 1000, just in the limited amount of material from the relatively fesvfsiim which we
have data.

Environmental DNA and RNA data

eDNA studies based on samples from the-1lJKOMS and eastern French areas, support the conclusion
that foraminifera are highly diverse and include a substantial proportion of monothalamid OEss. Th
include most of the existing monothalamid clades, some of which are known only from environmental
samples (Lejzerowicz, unpublished data). Environmental DNA (eDNA) and RNA (eRB&extracted

from 171 sediment samples sampled according to a nesigph depresenting four national claims (Table

3). Only 3 samples were processed for the French site, which is situated in the more central part of the
CCZ. Hence the scope of the eDMAalysesare currently limited to faunal patterns in an homogeneous
region in term of nodule abundance and POC flux.

Table 3. Number of biological samples per area and per type of molecule extracted from bulk
environment sediment material (Sediments), and number of technical duplicates successfully sequenced
from these sampiefor the foraminiferespecific 37F hypervariable region of the 18S ribosomal RNA
gene.

BGR IFREMER OMS1 UK1

DNA RNA DNA RNA DNA RNA DNA RNA
Sediments 43 28 3 3 66 66 65 65
Sequenced 66 30 6 6 128 127 130 129

We obtained 6,348 OTUs, including 27.1% and 52.2% OTUs assigned to the Globothalamea and
monothalamids, respectively. The rRNA/'DNA sequences representing these OTUs were found in both
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technical duplicates of each sample and hence can be assumed todiePfiée and sequencing errors
(Esling et al. 2015). After further filtering that reduced to 2061 the number of OTUs detected in both the
DNA and RNA version of each sample, we found similar proportion of OTUs per taxon, with 28.3% and
56.4% on average agsied to Globothalamea and Monothalamea, respectively, across claim areas and
samples (Fig. 5). It is important to note that the method choice for the assignment of short environmental
foraminiferal sequences remains a major challenge that affects thatjmomd unassigned taxa. One
standard method used for microbiome data assigns a majority of OTUs but the assignment confidence
needs to be evaluated, while the more conservative approach used for foraminifera assigns fewer OTUs
but also reveals a higheivdrsity of clades (Fig. 5). Although the fractions of globothalamids remain
similar, more research is necessary to identify the extent of molecular foraminiferal diversity in the CCZ.

vsearch (Rognes et al. 2016) Lejzerowicz et al. 2014
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Fig. 5. Taxonomic composition of the OTUs found in samples from @E€X using two sequence
assignment methods (vseareHeft panels; foraminferapecific - right panels). The bottom panels
include only those OTUs that were assigned to Globothalamea and Monothalamea in the top panels; they
show composition at a finer taxomic level.

On average, across the samples taken at each site, the number of monothalamid OTUs is twice as high as
that for Globothalamea. For both groups, the UK1 and OMSL1 areas vyield significantly higher richness
than the thoroughly sampled BGR Soutbaa(MANGAN16 cruise) (72 samples, Fig. 5).

Biogeography

Morphological data

Geologicallyorientated studies have revealed warld de ( 6cosmopol i tand) di str
wel-kk nown -sthhedrldedd mul ti chambered foraminiferal mo r |
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Jorissen, 2012). Samples from the eastern CCZ include &M@ such species (Goineau and Gooday,
2019), although wide ranges are supported by SSU rRNA sequences in only twoEpistesninella
exiguaand Nuttallides umbonatys(unpublished data, see also Lecrog et al., 2009). Some undescribed
monothalamid morpotypes from different oceans, including the CCZ and sites elsewhere in the Pacific,
are also sufficiently similar to be regarded as conspecific (Gooday et al., 2004).

Most of the macrofaunal foraminiferal morphospecies from epibenthic sledge samplesintatke
German, IOM, Belgium, French, and ARElareas are confined to one site, with only 6 (<4%) being
found at 4 or 5 sites. Five of these 6 species have been formally described, originally either from the
central North Pacific (30°N, 156°W, 6070 m tigp(Tendal andHessler, 1977) or the North Atlantic
(Shires et al., 1994), indicating wide distributipabeit based solely on morpholadgyimilarly, some of

the nodule encrusting macrofaunal morphospecies in thel ddd OMS areas (Gooday et al., 2015;
unpublished data) are also recorded from the eastern and western Sfakete et al. (2007). These
include two species of the komokiacean ge@heondrodapsispriginally described from within the CCZ
(15°N, 125°W) (Mullineaux, 1988).

Xenophyophaoes (described and undescribed) have been collected in tHedd OMS areas and AREI
6 (eastern CCZ), the Russian area (more central CCZ) and APEIls 1, 4 and 7 (westerAid@eXer,
many species are represented B dpecimens and are known from a sngjte, so nothing can be said
about their wider distributions. One speci@éschemonella monilespans the Russian and UKOMS
areas (Gooday et al., 2017b) and AREI Psammina limbatadescribed morphologically from the
Russian area (Kamenskaya et 2015), may also be present in the WKOMS, although several closely
similar stalked species ¢fsamminahave beenecognize at these more easterly sites (Gooday et al.,
2018b) and so whether one of these is the sanke limbatacannot be confirmed wibut genetic data
from Russian specimens. However, wide ranges spanning a distance of 3,800 km (from t&RE-
1/OMS sites) have recently been confirmed genetically for two xenophyophore qji&wieiy et al.,
unpublished)

All samples from an area smaing several distances of 100skilbmetersin the UK-1 and OMS areas

fall within 95% confidence limits in MDS plots, indicating a high degree of assemblage uniformity at this
spatial scale (Goineau and Gooday, 2019). A deistance analysis based on Bf@yrtis similarity vs

distance showed oniyinor differences in the species composition of samples from thé Bikd OMS

sites seperated by increasing distances of up to ~220 km (Fig. 6). However, there was a general tendency
for differences in species composition to increase with distance, iara/érall trend was significant (p =

0.006). This suggests that, although particular morphospecies may have wide ranges, there are gradual
shifts in the species composition of foraminiferal assemblages in relation to environmental gradients
within the CCZ
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A recurrent difficulty in trying to establish foraminiferal species ranges across the CCZ is that many
morphospeciesire chronically undesampled. Around 60% of the 547 species (>0 fraction) in

UK-1 and OMS samples are confined t@ but of 11 sites but are represented by a relatively small
proportion (16.7%) of specimens (Fig. 7). Many species confined to enarsisingletons. On the other
hand, the few species (6%) that spahl9sites are represented by a disproportionally large proportion
(~44%) of specimens. Similarly, >80% of macrofaunal foraminiferal species from the Belgium, German,
IOM, and French arsaand APEI 3 are confined to one area, and 74% are confined to one of the 2
replicate sampleanalyzedrom each area. Thus, to a large extent, restricted distributions appear to often
reflect relative rarity combined with undsra mp | i ng Aendcke mei.s Md)s.eudo
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Fig. 7. The percentage abundance of species represented by complete tests (red, n = 547) and specimens
(green, n = 7084) distributed across different numbers of sitd4d ) ithin the UK1 and OMS areas in

the eastern CCZ. On the Kfand side 60% of species are confined t& kites but these represent only

16.7% of specimens; many of the species confined to one site are singletons. In contrast, only 6% of
species occur at-21 sites, but these represent about 44% of specimens. Based @rote@oineau and

Gooday (2019).

Environmental DNA and RNA data

The number of OTUs unique to a site is related to the sampling effort. Indeed, more than 500
monothalamid OTUs are unique to the ~240 samples sequenced for eachloamKOMS areas,
whereasl0 and 3 samples from BGR_South and IFREMER (BIONOD2 cruise) yielded only 45 and 3
OTUs, respectively, that were unique to these sites (Fig. 8). These data highlight the need for more even
sequence sampling between ar a@aendeamds nmohe allirleealdy
morphological data.
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Fig. 8. Foraminifera OTUs richness per area (x axis labels) and between areas of the CCZ (pairwise
Wilcoxon test) for the Monothalamea (left panel) and Globothalamea (right panel). The significance

levds of the tests are indicated between each pair of sites. For the BGR claim, the BGR North site was
visited during the BIONOD?2 cruise and the BGR South site during the MANGANA6 cruise.

Genetic Connectivity

As indicated above, there is genetic evidencedbate foraminiferal species have wide ranges across the
CCZ and beyond, but we do not have sufficient data to conduct a genetic study of any species at a
population level. However, LeCroq et al. (20@@gnlyzedhe population genetics &pistominella exiga

(a calcareous species found in the -Wkand OMS areas) from sites in the Arctic, North Atlantic,
Southern Ocean, and the western Pacific off Japan, based on ITS rDNA sequences. They found very little
divergence between haplotypes from different oceatiether or not these results rexiguawhich is

an unusually opportunistic species that exploits phytodetritus deposits, are typical for other foraminifera
living in the CCZ is an important question that needs to be addressed.

Conclusions

Biodiversty

A Benthic foraminiferal assemblages are highly diverse across the CCZ. Individual megacorer
samples yield >100 meiofaursized morphospecies. An estimated-BO0 such species exist in
the UK-1 and OMS areas. When macrofaunal and megafaunal speciefhosedsessile on
nodules, are added to the meiofaunal species, total species numbers across all size classes are
probably well in excess of 1000, just in ttedatively well-studied eastern CCZ. The number of
molecular species (OTUs) is even highen total, 3 times the number of morphological species
in the UK-1 and OMS areas.

A Meiofaunal assemblages are dominated by rare species, ®¥itloPthe 580 speciegcognize
in UK-1 and OMS samples being singletons.
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A

Limited morphological data suggest timagiofaunal foraminiferal diversity is somewhat lower in
the western than the eastern CCZ. eDNA data reveals a similar trend between the eastern end of
the CCZ and the French area further west.

A Singlechambered Monothalamea, largely undescribed, constitatmajority of meiofaunal and
macrofaunal abundance and diversity, with betteywn multichambered Globothalamea
constituting a relatively minor component. eDNA reveals similar proportions, suggesting that this
approach could be used for rapid evaluaiof community compaosition.

A The CCZ hosts unusually diverse assemblages of megafaunal xenophyophores, many of which
are sessile on nodules. Nodules are often densely encrusted with numerous species of
macrofaunal foraminifera, the vast majority of thendescribed monothalamids.

Biogeography

A Some morphospecies (mainly multichambered globothalameids) present in CCZ samples are
known from literature records to be widely distributed in the deep ocean. Global ranges are
confirmed by genetic and eDNA dataariew cases.

A Many morphospecies and molecular species are confined2tcsites, but undesampling
combined with the rarity of many species make it impossible to establish whether any are
endemic.

A Foraminiferal assemblages appear to be fairly unifacnoss claim areas (UK and OMS), but
with some indication of gradual change over distances of several 100 kms.

Data gaps

A Foraminiferal data from the western CCZ are very limited. At present, we only have some
guantitative data from the JET site, someblshed information on nodukencrusting
foraminifera from the western French site, and a small collection of xenophyophores from
western APEIs.

A eDNA data based on adequate sample numbers and sequencing effort are only available from a
restricted regiomf the eastern CCZ, limiting its use for establishing faunal patterns.

A There are no quantitative data or eDNA data on foraminifera from APEIls. Sampling has been
limited to the collection of xenophyophores from APEls 1, 4 and 6 in the western CCZ, and
APEI-6 in the eastern CCZ.

A There are currently insufficient genetic data doalyze the population genetics of any
foraminiferal species from the CCZ.

A Acquiring quantitative faunal data on foraminifera is very ttnasuming if the very diverse

monothdamids are included. Time can be saved in various ways. One possibility is to confine the
analysego the multichambered taxa, which are generally much better known and easier to work
with and evaluate the diversity and abundance of monothalamids usiny aiixobaches.
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A) Introduction

The macrofauna constitute the size class between the meiofauna and the megafauna; in the deep sea
including the CCZ, this size class is generally designated as animals retained on 300 (sometimmas 250)
sieves but too small to be identified in bottom photographs. The macrofauna is comprised of a huge
diversity of sedimentiwelling taxa (>1000 species at single CCZ sites; Smith et al., 2008b) including in
decreasing order of numerical importance, polychaeteng/oranaid crustaceans, and isopod crustaceans
(Borowski and Thiel, 1998; Smith and Demopoulos, 2003). The polychaetes dominate macrofaunal
standing crop and species richness, accounting for abé&ii%mf macrofaunal abundance, biomass, and
number of spees in nodule regions (e.g., Borowski and Thiel, 1998; Smith and Demopoulos, 2003).
Macrofaunal community abundance in abyssal nodule regions is relatively low compared to shallower,
and more coastal, despa regions, typically totaling about 3800 indviduals m? (Glover et al., 2002;

Smith and Demopoulos, 2003). The majority of macrofaunal species, in particular those in the abundant
polychaete families Spionidae and Cirratulidae, appear to be surface deposit feeders that consume a very
thin veneer ofabile organic material depositing on the sedimeater interface (Paterson et al., 1998;
Smith and Demopoulos, 2003; Smith, 2008; Bonifacio et al., 2019). Subsurface deposit feeders (such as
the paraonid polychaetes) may also be abundant in the C@&r @ophic types, including predators and
omnivores, are also present within the macrofauna (Smith, 2008b; Bonifacio et al., 2019). At least 95%
of macrofaunal abundance in abyssal sediments in nodule regions is concentrated in the top 5 cm of
sediment, presumably to facilitate access to labile organic matter (i.e., food for deposit feeders)
concentrated at the sedimiéwater interface (Smith and Demopoulos, 2003). Macrofauna also contribute
substantially to deepea ecosystem functions, including tlkespiration and burial of phytodetritus, and
bioturbation (Smith et al., 2008a).

Previous nodulenining impact simulations indicate that the macrofauna is also likely to be highly
sensitive to mining disturbance (Borowski and Thiel, 1998; Borowski, 2@di&slet al., 2017). Because

of the extraordinary biodiversity of the macrofauna, and the potential sensitivity of the macrofaunal
community to nodulemining impacts, it is important to protect representative macrofaunal communities
(in terms of biodiversy, abundance and community structure) within the APEI network in the CCZ.

The goal of this report is to synthesize patterns of sediment macrofaunal biodiversity in the CCZ region,
using published and unpublished data available at the time of the workshivgr assembling the
available data, we first evaluated the comparability of data across sampling programs. We then tried to
address three initial questions of the workshop, to the extent possible given adequacy of the data. These
guestions are:
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1) Does macrofaunal species/taxachness and evenness, and community structarg,along and
across the CCZ? What are the ecological drivers of these variations?

2) Do claim areas have similar levels of species/taxon richness and evenness, and similar
community structure, to the proximal APEI(s)?

3) Are species ranges (based on morphology and barcoding) generally large compared to the
distances between APEIs and contractor areas? What is the degree of species overlap between
different study locations acreshe CCZ?

Based on the answers obtained to the questions above, we then considered (a) whether the current APEIs
appear to capture the full range of macrofaunal communities and biodiversity observed along and across
the CCZ, (b) whether species rangepegy to bridge APEIs and contractor areas, (c) whether similar
levels of community structure are demonstrated in contractor areas and proximal APEIls, and (d) whether
the data were simply too limited to address these questions. If the data were toq liveitdten
considered what data gaps must be filled to fully address these gsiestion

B) Data Collection and Characteristics of Data Sets

Box-core Data. To assess the key questions addressed by the Deep CCZ Biodiversity Synthesis
Workshop, we assembled alfalable sediment macrofaunal data collected by standard quantitative
sample methods, i.e., by box corer, in the CCZ and surrounding abyssal regions. Data were collected from

the peetreviewed scientific literature, and as unpublished data from a vafietguoces. The abyssal
macrofauna in these data sets consists of animals retained after sieving sediments om,3000 r i n on
data set 25@ m, sieves. Nemat odes, harpacticoid copepod
macrofauna counts because tlastvmajority of individuals from these taxa (>90%) pass through 250
and306e m si eves, and are thus not quantitatively ret

Through direct solicitation from scientists and contractors, sediment macrofaunal data
collected by box cores have been obtained from a variety of research projects for

areas in the central and eastern Clafdipperton Zone. Abundances of taxa in samples, and
area per sample, were provided for use in the Deep CCZ data synthesis workshop. (Fighiee 10).
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Figure 1. Map of CCZ showing study sites from which macrofaunatdoog data were used in this
workshop were assembled for use in the workshop. The characteristics of the data sets collected at these
sites are presented in Tables 1 and 2.

87



Table 1. Sources, numbers box cores, locations, and depths for macrofaunattane data used in this
workshop.

Source of Data # of BoxArea of Box Cor¢Latitude (N) |Longitude (W)

Study Site (Name and Email or citation) Cores |Sampled (rf) (Decimal Deg.|(Decimal Deg.)|Depth (m)

ABYSSLINEUS-OMS Tan Koh Siang - tmstanks@nus.edu.sg 12 0.2267 - 0.2275 12.01 - 12.22/117.18 - 117.3834041 - 418

NUS ABYSSLINE-UK1 Craig Smith - craigsmi@hawaii.edu 24 0.25 12.37 - 13.96| 116.46 - 116.724036 - 421.

Wilson Wilson-COMRA-West |Wilson, 2017 54 0.2454 9.25-9.61 |151.01 - 151.974842 - 528

Wilson Wilson-GSR-Central |[Wilson, 2017 15 0.25 14.62 - 14.71) 125.37 - 125.464480 - 456

Wilson Wilson-CIIC-West Wilson, 2017 16 0.25 12.91 - 12.98| 128.28 - 128.374708 - 485.

. Craig Smith - craigsmi@hawaii.edu

Smith _|SMith-HOTS Glov%r etal, 200§J 4 0.5 22.91 - 22.92 157.83 - 157.844843 - 486

smith lsmith.s gzllirsg'g: zcéa(‘)'gsm'@hawa"'ed“ 3 0.18 0.11-0.12 |139.73 - 139.744300 - 430

smith lsmith.2 gzl,gersg'ﬁ ;g%'gsm'@hawa"'ed“ 4 0.8 2.06 - 2.07 |140.13 - 140.154408 - 441

smith lsmith.s gili?g'g_"zcgaggsm'@hawa"'ed“ 3 0.18 5.07 - 5.08 |139.64 - 139.654320- 4444
Craig Smith - craigsmi@hawaii.edu

Smith Smith-§ Glover et al., 2002 3 0.18 8.93 139.86 - 139.884981 - 499
Lenaick Menot - lenaick.menot@ifremer.

JPIO JPIO-IOM Bonifacio et al., 2019 8 0.25 11.07 - 11.08] 119.65 - 119.664414 - 443.
Lenaick Menot - lenaick.menot@ifremer.

JPIO JPIO-GSR-East Bonifacio et al., 2019 5 0.25 13.84 - 13.86| 123.23 - 123.254503 - 451
Lenaick Menot - lenaick.menot@ifremer.

JPIO JPIO-BGR-East Bonifacio et al., 2019 8 0.25 11.81-11.86/117.05 - 117.554118 - 437!
Lenaick Menot - lenaick.menot@ifremer.

JPIO JPIO-IFREMER-CentrgBonifacio et al., 2019 6 0.25 14.04 - 14.05/ 130.13 - 130.144921 - 496
Lenaick Menot - lenaick.menot@ifremer.

JPIO JPIO-APEI3 Bonifacio et al., 2019 3 0.25 18.77 - 18.80] 128.34 - 128.3¢4816 - 484
Ellen Pape - Ellen.Pape@ugent.be y

Ghent  |Ghent-GSR-Central _|De Smet et al., 2017 19 025 14.02 - 14.711125.51 - 125.934477 - 462

Ghent Ghent-GSR-East Ellen Pape - Ellen.Pape@ugent.be 5 0.25 13.88 - 13.89| 123.28 - 123.314535 - 456

KODOS |KODOS-Central-2018 |Se-Jong Ju - sjju@kiost.ac.kr 15 0.23-0.25 9.85 - 10.52 | 131.33 - 131.934995 - 517

KODOS |KODOS-Central-2012-1ge-Jong Ju - sjju@kiost.ac.kr 36 0.23-0.25 10.48 - 10.52| 131.29 - 131.944772 - 520

KODOS |KODOS-Central-2019 |Se-Jong Ju - sjju@kiost.ac.kr 10 0.25 9.35-11.33[130.90 - 131.934712 - 522

KODOS |KODOS-APEI9 Se-Jong Ju - sjju@kiost.ac.kr 2 0.23-0.25 10.40 - 10.41) 127.09 - 127.124784 - 479,

KODOS |KODOS-APEI6 Se-Jong Ju - sjju@kiost.ac.kr 4 0.23-0.25 16.44 - 16.64| 123.15 - 123.334232 - 429

Yuzhmor |Yuzhmor-Central Slava Melnik - melnikvf@ymg.ru 214 0.2175 - 0.225] 12.26 - 14.66| 131.68 - 133.644713 - 525.

Table 2. Macrofaunal taxonomic groups and taxonomic levels of identification, taxonomists and
techniques used fodéntification, for macrofaunal besore data sets used in this workshop.

Stud Taxonomic | Taxonomic Polychaete Tanaid Isopod
Y Resolution | Method Taxonomists Taxonomists Taxonomists
Iris Altamira - Magdalena Blazewic Nils Brenke -
ABYSSLINE Species | Morphology| . . . - madgalena.blazewic| nils.brenke @ruhr-uni4
irisis@hawaii.edu g K
@biol.uni.lodz.pl bochum.de

Chuar Cheah Hoay { Chim Chee Kong -| Helen Wong Pei San

NUS Family Morphology tmscch@nus.edu.s{ tmscck@nus.edu.s{ tmswpsh@nus.edu.s

Jurgen Sieg, Timoth|

Kristian Fauchald & -
Ragen, & George D| George D. F. Wilson

Wilson Species | Morphology Kirk Fitzhugh -

) F. Wilson - gdfw@snhlab.com
kfitzhugh@nhm.
tzhugh@nhm.org| i @snhiab.com
% h NR Adrian Glover -
. species for a.glover@nhm.ac.ul } )
Smith polychaete Morphology *(Rarefaction Only)
rarefaction) Glover et al. (2002)
Morphol i
. orphology Paulo Bonifacio - Magdalena BIaZEWI.C Stefanie Kaiser -
JPIO Species |(and DNA fo bonif@me.com madgalena.blazewic| ssm.kaiser@gmail.co
polychaetes ’ @biol.uni.lodz.pl ’ g )
Lisa Mevenkamp, Bal Lisa Mevenkamp, Ba| Lisa Mevenkamp, Bar
De Smet, & De Smet, & Torben
. De Smet, & Paulo . :
Ghent Species | Morphology Bonifacio - Magdalena Blazewic Riehl -
bonif@me.com madgalena.blazewic| torben.riehl@sencker]
) @biol.uni.lodz.pl erg.de
. . Jin Hee Wi -
KODOS Species | Morphology Iris Altamira - sumiae425@hotmai Ok Hwan Yu -

irisis@hawaii.edu ohyu@kiost.ac.kr

Co.kr.
Yuzhmor X /[ t | Mo#@phology - - R
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Datasets were collected from the ABYSSLINE ProjecABYSSLINE, the National University of
Singapore (NUS}) NUS, Wilson (2017)- Wilson, Smith et al. (1997) Smith, the Joint Prgramming

Initiative Healthy and Productive Seas and Oceans (JPIPIO (Bonifacio et al., 2019, Blazewicz et

al., 2019), JPIO and Global Sea Mineral Resources (GSR) through Ghent Univéskignt (partially

in De Smet et al., 2017), the Korea Insgtaf Ocean Science and Technology (KIO$RODOS, and
Yuzhmorgeologiyd Yuzhmor (Table 1). Macrofaunal data were compiled at the site level, which was
considered to be different exploration areas in this study (Table 1; Figure 1). The majority of studie
included macrofaunal data identified to the species level; however, NUS data were at the family level,
Yuzhmor data were at the class level, and Smith data included only abundances and polychaete
rarefaction values calculated in Glover et al. (2002) i@&). All studies collected macrofauna via a

0.25 nf box corer, but there were differing amounts of-soking among and within studies for other
analyses (Table 1). All studies sieved materialonas3@® si eve except foemNUS, w
sieve. The box cores samples in Wilson (2017) were collected fromi12%989, those in Smith et al.

(1997) were collected in 1992, and the box cores for the remaining data sets were collected between 2012
and 2019.

It is important to note that theasious boxcore macrofaunal data sets assembled for the workshop were
collected by different research programs (Table 1) using (in some cases) different types of box cores, box
core deployment protocols, and sarmpigshing procedures, all of which may ughce collection
efficiency and the ability to resolve macrofauna at the species level. In addition, because the thousands of
sediment macrofaunal species collected across the CCZ are mostly undescribed (Smith et al., 2008a and
b), the various research gmams have worked with a number of separate reference collections of
working species developed by different taxonomic experts based on morphological taxonomy and, in
some cases, DNA barcoding. Since collections of morphological working species haveemot be
intercalibrated across all research programs, and only a small proportion of all macrofaunal species
collected in the CCZ have been barcoded using DNA sequencing, we have mainly conducted between
site speciedevel comparisonswithin research programsot assure consistency in speeiegel
determinations. While KODO&&oreanClaim1214, KODOSKoreanClaim18, and KODOS
KoreanClaim19 datasets were all collected in the same program and exploration area, they were analyzed
as separate data sets. This was dmwause the percentage of polychaetes identifiable to the species
level were different among studies (~70% for 2Q#2 ~30% for 2018, and ~95% for 2019) and
abundances/core, species/family accumulation curves, and other parameters had large diffenergces be
cruises, suggesting differences in sample collection and processing between time periods. To facilitate
diversity comparisons more broadly across research programs, we have conducted analyses at higher
taxonomic levels (e.g., family level) after merg taxonomy at these higher levels across the data sets.

Macrofaunal data from combined sampling methodswWe also used a large data set of polychaete
worms, resolved to species level using CO1 barcoding, collected from a variety of locations using a
combination of box cores, epibenthic sleds and ROV sampling (data sets from Glover and Dahlgren, and
Bonifacio et al., 2019). While this data set is 1gu@antitative due to the opportunistic nature of sampling

and pooling of material from different gear tgpdt allows comparison of species across different
sampling programs in a manner not currently possible using morphological taxonomy.

C) Analytical Methods

First, comparability (i.e., sampling efficiency) of box cores sampling across research programs was
explored by comparing polychaete abundance per square meter to annual particulate organic carbon
(POC) flux to the seafloor estimated by Sweetman et al. (2017) for the sampling localities using the Lutz

et al. (2007) PO@lux model for the period 19982010 (see Sweetman et al. (2017) for details); we call
these estimates of POC flux fALutz POC flux. 0o Usi

89



conducted Type Il regression analyses of polychaete abundance (a metric available from all the assembled
box-core studies) versus Lutz POC flux using linear and exponential functions. The functionality (either
linear or exponential) with the highest Re., that which explained the greatest amount variance) was
selected, and ordinary least squares (OLS)ks=ions were used for all studies as they produced the best

fit to the data. Excel was also used to explore regression relationships between macrofaunal abundance
and other individual environmental parameters, in particular nodule abundance estimatéuk fi6i

(2010) Geological Model, and ocean depth, respectively.

Patterns of macrofaunal diversity across abyssal sites where explored with species and family
accumul ation curves, Chao 1 species riccdestrébads esti
in Magurran (2004) using EstimateS (Colwell, 2013), R (Venebales, 2019) or Primer 7 (Clarke and
Gorley, 2015). Rarefaction curves with 95% confidence limits were calculated in EstimateS on each site

by summing the number of individuals in edakon in all box cores collected, effectively treating all box

cores collected within a study and site as one sample. Rarefaction results are Accumulation curves and
Chao 1 richness as well as standard deviations were also calculated in EstimateSr, libess/avere

calculated at the besore level to examine how these estimators change as more samples are taken.
Pieloubés evenness for species was <calculated in P
site. Nonmetric multidimensional scalg was also performed in PRIMER 7 at the family level to
compare community compositions among sites. Finally, the number of species in each site with
abundances of only 1 or 2 individuals (singletons or doubletons) was calculated and compared to the total
number of species found within each site.

The amount of variation in macrofaunal abundance and rarefaction diversity explained by a range of
environment al variables was explored using Gener ¢
Donoghoe, 2018) Depth, Lutz POC flux, nodule abundance (Kj/mbottom water oxygen
concentration, bottorwater salinity and bottorwater temperature values averaged across box cores for a
particular site were used to explain average polychaete abundance and Cla@@slestimations. GLMs

use different combinations of explanatory variables to determine which combination explains the most
variation in different continuous variables.

The number of species shared between sites was explored using UpSet pl@@omwRy et al., 2017).
UpSet is a visualization technique, similar to Venn diagrams, which visualizes where datasets intersect.
UpSet uses a data matrix to show intersections and sizes of these intersections.

D) Results
a) Polychaete abundance versus POCxland the comparability of boxore data sets

Because polychaetes typically constitute >50% of abyssal macrofaunal abundance, and polychaete
abundance was tabulated in all the {ooxe data sets, we used polychaete abundance to explore
comparability (e.g sampling efficiency) across research programs. The efficiency of macrofaunal
sampling using box cores (e.g., sample quality) can vary substantially wittob®xdeployment
protocols, sample washing techniques, preservation protocols, sorting precethttesea state (for an
accepted set of becore sampling protocols, see Glover et al. (2016)). Based on previous abyssal studies
of the relationships between seafloor POC flux and macrofaunal abundance (e.g., Glover et al., 2002,
Smith et al., 2008a; Waeit a., 2010), we expected polychaete abundance across the CCZ to exhibit a
positive relationship (exponential or linear) with estimated annual Lutz POC flux (Sweetman et al., 2017).
When all boxcores samples were pooled across all studies, polychagtelaaizte was exponentially
related to POC flux (Fig. 2), with approximately 20% of the variation explained with Type Il regression
(R*= 0.2046). However, the data sets from individual sampling programs were not evenly distributed
above and below the regs@on curve, as would be expected if they were from the same statistical
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population, with a number of data sets falling largely above or essentially entirely below the general
curve. This suggests that individual data sets may have different relatiobshiyeen POC flux and
polychaete abundance, as might be expected if sampling protocols (and sampling efficiency) varied across
research programs.

Polychaete Abundance vs. POC Flux

600 7 Al y=1.8631e247* R2=0.2014 p <0.0001
e SmithWilsonTan y=2.6377e257 R2=0.7199 p <0.0001
JPIO y =0.0135e573 R2=0.7632 p < 0.0001 ®
500 A Ghent y =0.0465e%%* R2=0.113 p=0.08
KODOS y = 1E+06e717* R2=01003 p=0.02
% Yuzhmor y=0.2902e*%* R2=0.0674 p=0.04 e e
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Figure 2. Polychaete abundance in individual box cores versus Lutz POC flux (Sweetman et al., 2017).
Curves are Type Il regressions conducted in R, with regression equationsjues, and p levels of
regressions indicated. The red line is the exponential regression for all sampling programs combined.
The pink regression line is for the KODOS data, indicdtggink diamonds for samples collected from
20121028, and yellow diamonds for those collected in 2019. Regression lines for the other data sets
match the colors of their symbols in the upper left.

We then conducted POC versus polychaete abunaagoessions for individual research programs, i.e.,
studies that were conducted by investigators trained within the same laboratory and thus expected to use
similar sampling protocols. It should be noted that thedme data sets contributed by Wilso®12),

Smith (ABYSSLINE and EgPac), and Tan (NUS) were collected and processed with a similar set of
protocols (first described in Hessler and Jumars, 1974; and more recently in Glover et al., 2017) by
personnel trained in a single laboratory (that of RHBssler), so these samples were considered to be a
single WilsorSmithhrTan data set for regression analyses. The Wi&wmith-Tan and JPIO studies
exhibited positive exponential relationships with highwvRlues (>0.7), nearly all studies showed positive
exponential relationships, and one (KODOS) exhibited a significant negative exponential relationship
versus Lutz POC flux (Fig. 2). The negative relationship in the KODOS data set was driven largely by
relatively low values in box cores collected prior2019 (Fig. 2), potentially due to differences in
sampling protocols, sea states, and/or seasonal/temporal trends in the KODOS area. Th8mitilson

Tan data, which covered the broadest ranges of longitude, latitude and POC fluxes (Table 1), exhibited a
strong, significant exponential relationship between polychaete abundance and Lutz POC flux (A=138, R

= 0.72), providing robust support for the importance of POC flux as an ecosystem driver across the CCZ
(cf. Wedding et al., 2013; Bonifacio et al., 2019jJe conclude that the most robust data sets assembled

for the workshop indicate that Lutz POC flux is a good predictor of polychaete (and macrofaunal)
abundance in the CCZ, a result consistent with expectations of macrofaunal food limitation in this region
based on direct measurements of POC flux versus macrofaunal parameters at many different abyssal sites
(Smith et al., 2008a), and with the reasonable match of Lutz POC fluxes (within 20%) with results from
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sediment diagenetic models (Volz et al., 20I8)us, POC flux is likely a major driver of polychaete
abundance across the CCZ, and evidently an important contributor to habitat quality. Thus, POC flux is
an important variable to consider when setting up and evaluating of APEIs across the CCZ (as in
Weddng et al., 2013).

Nodule abundance and depth, when assessed individually with Type Il regression, exhibited weaker
negative exponential relationships with polychaete abundance, but still explained a substantial amount of
variation in the WilsorSmith-Tan data set (Fig. 3). This suggests that on regional scales across the CCZ,
nodule abundance and depth are also likely to be important drivers of macrofaunal habitat quality.
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Figure 3. Nodule abundance and depth versus polychaete abundance in the-BrfilibiTan box cores.
Lines shown are Type Il regressions conducted in R. Both regressions are highly statistically significant
(p < 0.0001).

We also explored the relationship between average polychaete abundance at all sites sampled across the
region (Fg. 1) versus a variety of potentially explanatory variables using Generalized Linear Models
(GLM). The explanatory variables used were depth, Lutz POC flux, nodule abundanc®, (kgttom

water oxygen concentration, bottemater salinity and bottorwatertemperature. The model explaining

the most variance in mean polychaete abundance (numerical density) included POC flux and nodule
abundance, which explained 84.7% and 2.6% of the variation, respectively. At an alpha level of 0.05, the
influence of POC fix was highly statistically significant (Fig. 4) but the influence of nodule abundance

was not (although nearly so, p = 0.06)Thus, this GLM also indicates that POC flux is an important
variable to include in the siting and evaluation of APEls acroe<X6Z.
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Figure 4. Relationship between Lutz POC Flux and polychaete numerical density (abundance) when the
variance due to the other explanatory variables has been removed, based on GLM analysis (ANOVA, p <
0.001).
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b) Macrofaunal biodiversity along anécross the CCZ
In this section, we address Kewpdiversity questions of the workshop for sediment macrofauna.

Question 1: For macrofauna, does species/familsichness and evenness, and community
structure,vary along and across the CCZ? What are trmkogical drivers of these variations?

Regional Patterns of Polychaete AbundancePolychaete abundance showed strong variations along
and across the CCZ, including within data sets (e.g., the Wdsath-Tan data set in blue and the JPIO
data set in yetlw)(Fig. 5). Many of the betweesite differences are clearly statistically significant, as
indicated by the small size of withsite standard errors compared to betwsies differences. As noted
above (Figs. 2 and 3), these variations in polychaetad@mnce across the region are strongly related to
Lutz POC flux, supporting the use of POC flux in dividing the CCZ management area into ecological
subregions (Wedding et al., 2013)(Fig. 5).
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Figure 5. Mean ¢ s.e.) polychaete abundance per box core asiks across CCZ region, plotted with

Lutz POC flux, and outlines of exploraticontractand reserve areas, APEIs, and the nine subregions
(large rectangles) used delineate similar ecoregions within the CCZ (Wedding et al., 2013). Sites
considered to have been sampled with similar protocols (and thus have similar sampling efficiencies)
have he same colored bars. The bottom of bars in the map indicate site location, with some offsets to
allow all bars to be visible. Sites in the barart insert are ordered from west to east.

Biodiversity Patterns at the Species LevelWe have evaluated divsity patterns for the major
macrofaunal taxa (polychaetes, tanaids and isopods) separately, because there are differences between
data sets in the taxa identified (only one data set, ABYSSLINE UK1, has distinguished all macrofaunal
taxa at the species viel). In addition, because different research programs have used different
taxonomists, varying levels of bar coding, and different sets of working species, we explore regional
variations in species diversity primarilithin data sets that have used agistent taxonomy (e.g., the

same taxonomists).

93



Polychaetes at the Species LeveAll sites with specietevel, boxcore, polychaete data exhibit rising
species accumulation curves, in many cases with steep slopes (Fig:h6se curves indicate that
polychaete species richness at all sites remains usderpled, i.e., species are still rapidly accumulating

and additional sampling at any site will collect previously unsampled species, even when large numbers
of box cores have already been collecfedy., >50 at COMRAWest)(Table 1). The rapidly rising
curves reflect the fact that many/most species at each site are #3e¢% of species are singletons or
doubletons, i.e., represented by only one or two individuals, in the pooled samples from ang.sife (F
Within internally consistent data sets (e.g., within the Wilson and within the JPIO data sets), there are
substantial betweesite differences in the slopes and apparent asymptotes of species accumulation curves

(Fig. 6).
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Figure 6. Mean polychaete species accumulation versus number ott@x samples (UGE plot from
EstimateS, 100 permutations) at different sites in the CCZ region. Note that the Kiangardata come

from a single site sampled in different years. Note that the Koream@ata come from a single site
sampled in different years. Data sets considered to have been sampled with similar protocols and to have
used a consistent taxonomy, are indicated by similar symbols.
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Polychaete Singletons & Doubletons
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Figure 7. Percentage of total polychaete species espnted by singletons + doubletons in pooled
collections from each site and study. The total number of polychaetes collected for each data set is
indicated at the top of each bar. Note that the Korean Claim data come from a single site sampled in
differert years, and potentially with different efficiencies. Data sets considered to have been sampled
with similar protocols and to have used a consistent taxonomy, are indicated by similar colors

Because species are still accumulating at all sites, we use@hao 1 statistic to estimate the total
number of species expected to be collected at each site if the polychaete assemblage were fully sampled
(Magurran, 2004)(Fig. 8). Chao 1 estimates range from ~25 to ~370 species, with all the well sampled
sites esmated to have >100 species of polychaetes. Note that for all sites, estimated total species
richness substantially exceeds the number of species collected, i.e., oiily72% of estimated
polychaete species richness has been recovered at any sit®)(Figs also important to note that for

many sites (ABYSSLINEJK1, WilsonCIIC-West, all five JPIO sites), the Chao 1 curve is rapidly
increasing with additional box cores (Fig. 8) suggesting that at these sites, estimated species richness will
increasesubstantially with additional sampling (i.e., the current Chao 1 number is an underestimate).
Species diversity (including richness) can only be directly compared between those sites with a common
polychaete taxonomy (i.e., internally consistent spediestifications), and only one internally consistent
box-core data set, JPIO, has sampled > 3 sites (n = 5) across a substantial range (1400 km) of the CCZ
(Fig. 1)( (Bonifacio et al., 2019)The JPIO data (based on morphological and molecular differeotiat

of species) indicates substantial variability in species richness across sites (Fig. 9), which appear to be
driven by differences in POC flux and nodule abundance (Bonifacio et al., 2058puld be noted that

the relatively high species richnesstimated for most JPIO sites is likely related to use of molecular
approaches that di stinguish a substanti al number
morphological taxonomy (Bonifacio et al.,, 2019\We infer that use of molecular approashéor
polychaete identification at all sites across the CCZ is likely to also reveal significant numbers of
currently undetected, cryptic polychaete species.
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Figure 8. Chao 1 { s.e.) estimates of polychaete assemblage species richness, as a function of number
of box cores collected, at 16 sites across the CCZ region. Note that the Korean Claim data come from a
single site sampled in different years. Data sets considered tableavmesampled with similar protocols

and to have used a consistent taxonomy, are indicated by similar symbols.
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Figure 9. Chao 1 { s.e.) estimate of polychaete species richness at 16 sites in the CCZ region, plotted
with Lutz POC flux, and outlines obntract and reserve areas, APEls, and the nine subregions (large
rectangles) used for locating APEIs (Wedding et al., 2013). Sites with similar polychaete taxonomy have
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96



Individuatbased species rarefaction curves for all sites exhibit similar initial slopes (with overlapping

95% confidence limits) suggesting similar, high levels of species evenness across sites.

However,

rarefaction diversity at higher numbers of individualg, gowards the right ends of curves and a:&s

exhibit significant variability across sites within data

sets (Fig. 10). These besiteafifferences in

rarefaction diversity were not strongly related to POC flux (Fig. 11), in agreement witindiveggé of

Bonifacio et al. (2019).
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Figure 11.Esu30), i.€., polychaete species rarefaction diversity at 130viddals ¢ standard deviation)

plotted on the regional map of POC flux. Sites considered to have been sampled with similar protocols
(and thus have been sampled with similar efficiencies) have the same color in the bar chart. Sites in the
bar-chart inset are ordered from west to east. The bottom of bars in the map indicate site location, with
some offsets to allow all bars to be visible. Standard deviations could not be calculated for bars with
asterisks.

Mean Pielou Evenness J', calculated at the dme level, was generally high (near 1.0) and
showed little variation across sites, except that WilBHE-West site value was unusually low (Fig. 12).
Overall, this result is consistent with the similarity of initial slopes of species rarefaction cuRigsare
10.
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Figure 12.Me an Pi el o u+ E.g)donindidusl bak éore§, by site. Sites considered to have
been sampled with similar protocols and taxonomy have the same color in the bar chart.

Tanaids and Isopods at the Species LeveRapid rates of species accumulation where observed across

all sites for tanaid and isopod crustaceans, again indicating that these crustacean assemblages remain
poorly sampled (Fig. 13). As for polychaetes, large proportions of the species at gh4%5¥#s were
represented by singletons + doubletons, and a substantial percentage of estimated species richness
remains uncollected (>15%), indicating that these assemblages remain incompletely sampled, even where
>50 box cores have been collected (Wil BMRA-West). Within data sets, there was some
heterogeneity between sites in accumulation curves and estimated species richness-1Bjgsutlthe

data sets are too small (in some cases < 20 individuals at a site) to warrant further comparisons.
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Figure 13. Mean tanaid and isopod species accumulation versus number-cbb®samples (UGE plot

from EstimateS, 100 permutations) at different sites in the CCZ region. Note that the Korean Claim data
come from a single site sampled in different yedbata sets considered to have been sampled with
similar protocols and to have used a consistent taxonomy, are indicated by similar symbols.
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Figure 14.Chao 1 # s.e.) estimate of species richness for tanaid and isopod assemblages at the various
sites samied across the CCZ. Numbers over bars indicate the percentage of estimated species richness
that has been collected at each site.

Family Level Comparisons In an effort to minimize differences in taxonomy among data sets, we also
explored patterns of diversity and community structure at the family level. Identifications at the family
level are generally standardizadross taxonomists and sampling programd, tae sampling of families

is usually more complete and less biased than sampling of many hundreds of rare species. For older data
sets (e.g., Wilson, 2017), we updated family classifications to the current family taxonomy on WORMS.

For most sites witk-10 box core samples, polychaete family accumulation curves are leveling off
(Fig. 15), and the number of families collected is within >80% of Chao 1 family richness estimates (Fig.
16), suggesting that most sites are well sampled for polychaete fanhle®theless, there is substantial
acrosssite variability in estimated family richness, both within and across sampling progfaiGé.M
exploring the relationship between polychaete family Chao 1 and six explanatory environmental variables
(depth, LutzPOC flux, nodule abundance in kd/nbottomwater oxygen concentration, bottemater
salinity and bottorwater temperature) found that only nodule abundance was statistically significant (p
<0.001), explaining 35.6% of the devianc&his suggests, once @g, that nodule abundance is an
important habitat characteristic in the CCZ region.
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Community structure at the family level also differed across sites, with some carnivorous families
(e.g., lumbrinerids and goniadids) being relatively common at sites with higher POC flux and rare or
absent from sites with low POC flux (Fig. 1Mhese regional changes are consistent with previously
documented variations in polychaete community compositog., reduction in the abundance of
carnivorous polychaete families, with declining POC {i8mith et al., 2008b; Bonifacio et al 2019).

Question 2:Do claim areas have similar levels of species/taxon richness and evenness, and
similar communitystructure, to the proximal APEI(s)?

The sediment macrofaunal data from APEls are extremely limited, with only one APEI 3 sampled
within its core region (at a single site) with 3 box cores, and single sites on the edges of APEIls 6 and 9
sampled with 4 and Box cores, respectively. Polychaete community abundance and Chao 1 species
richness and family richness were substantially lower in the core of APEI 3 thawniractareas
(IFREMER Central and GS®/est) sampled during the JPIO program-800 km away (Fgs. 5 and 8).
These differences have been related to lower POC flux and rednludelance in APEI 3 (Fig.
3)(Bonifacio et at., 2019). Polychaete abundance and Chao 1 species richness were also lower on the
edges of APEI 6 and 9 than in the KODOS areaBD away sampled during the same cruise (Fig. and

8). These differences may also be related to differences in POC flux.
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Figure 17.Percent composition of polychaetes by family plotted on the regional map of POC flux. The
percent abundance of the 10 shacommon families is shown, with the size of wedges of circles
proportional to percent abundance. Sites considered to have been sampled with similar protocols (and
thus have been sampled with similar efficiencies) have the same color in the bar ctesrin Sie bar

chart insert are ordered from west to east. The bottom of bars in the map indicate site location, with some
offsets to allow all bars to be visible. Standard deviations could not be calculated for bars with asterisks

At the polychaete fartyi level, NMDS analyses suggest that all three sites inside or near APEIs are
outliers in community structure compared to most sites sampled wattnitract areas (Fig. 18).
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However, these differences could well be caused by the very limited number obitesx(3i 4) and
animals € 16) collected in or near the APEIs. It is noteworthy that KODOS 2018, which also has very
few polychaetes identified to family level (n = 28), is an outlier compared to the sites with larger samples.
For tanaid families, APEI3 and 9 are again outliers, but these sites<hatanaids identified to family.

Thus, we have low confidence that the currently available data can be used to meaningfully compare
polychaete or tanaid community structure between exploratotractareas and any APEI.
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Figure 18. NMDS plots of polycheate and tanaid family community structure for contraotdract
areas and in or near APEIs. Dashed lines bound sites with 30% and 60% similarity.

Question 3:Are species ranges (based on morphology and/or barcoding) generally large compared
to the distances between APEIls and contractor areas? What is the degree of species overlap
between different study locations across the CCZ?

The JPIO study provides the most extensive data set to explore the known distributions of
macrofaunal species compared the scale of contreatdractareas. Note that all these data come from
the eastern CCZ. Within the polychaetes, tanaids and isopbish constitute the bulk of macrofaunal
abundance and species richness in the CCZ, some common species identified in the JPIO data set range
over 6001200 km, with a few occurring in APEI 3 and contract areas (Figurddb®jever, the vast bulk
of speces, which typically are rare, have been found only at single sites. These results are consistent with
those of Bonifacio et al (2019), who found high polychaete species turnover among sites sampled in the
JPIO program, with average species ranges estinmatsal25 kmThese results suggest that the ranges of
many species could be small compared the size of contemttnactareas (up to 75,000 Knand the
distance from contractor areas to the nearest APEIs (often 100s of kilometers). However, besause m
macrofaunal species sampled are rare, it is very difficult to distinguish whether species typically are
endemic to single sites (i.e., have small ranges compared the spacing of samples across the region (Fig.
1)), or are present but not yet samplethattiple sites.

The broadest data set to address macrofaunal species ranges in the CCZ comes from Glover,
Dahlgren, Bribiesc&ontreras et al. (in prep.), as well as Bonifacio and Menot (2018) and Bonifacio et al.
(2019), who have barcoded polychaetesidad opportunistically with a broad range of methods (box
core, megacore, EBS, ROV) from sites spanning the eastern to western CCZ. Among the 297 molecular
taxonomic units (MOTUSs) identified, approximately 50 MOTUs are shared adisiasces of 50800
km, and 2 are shared from western APEIs to the eastern CCZ, over a span of 3080weawer, most
MOTUs (~240) have been found so far only at a single site, again raising the possibility that the ranges of
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many species could be relatively small. Once agbé@tause of the long list of rare species, and the
relatively small numbers of samples collected at any site, the effect of small species ranges cannot be
distinguished from the effects ohdersampling
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Figure 19. UpSet plots showing the intersection of sediment macrofaunal species resolved by
morphological and/or molecular approaches across the five JPIO sites (i.e., sites with a common species
level taxonomy). The polychaete data at top includes baescepibenthic sleds and ROV samples. The
tanaid and isopod data in the bottom two panels are from box core samples. Vertical bars on the main
plots represent the number of the unique species in each area or shared between the sites (dots)
connected by lies. Bars on the left are the total number of MOTUSs identified in each of the 5 areas.
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Figure 20.UpSet plot of the intersection of polychaete molecular operational taxonomic units (MOTUS)
identified using barcode gap at sites distributed across the CCZ (Glover, Dahlgren, BriGiestaras

et al., in prep; Pape et al., in pre@anssen et al., 2015, 29; Bonifacioand Menot, 2018; Bonifacio et

al., 2019). These data come from box cores, epibenthic sleds and ROV samples. Vertical bars on the main
plot represent number of the unique species in each area or shared between the sites (dots) connected by
lines. Bars at left represent the total number of MOTUSs identified in each of the 11 areas.

E) Conclusions

1) Although quantitative begore samples for macrofauna have been collected at widespread sites in the
North Pacific, there are huge, unsampled gajtkin the CCZ, particularly in the central and western
portions (Fig. 1). Macrofaunal diversity data are available from the core of area only a single APEI
(APEI 3, only three box cores). Thus, in much of the central and western CCZ, and in alA&Hise
sediment macrofaunal biodiversity patterns remain poorly studied or unevaluated.

2) Based on relationships between POC flux and macrofaunal abundance in box cores, sampling
efficiencies vary across data sets and sampling programs in the\Geying sampling efficiencies, plus
differences between sampling programs in the identification of working species, means that quantitative
comparisons of macrofaunal biodiversity are best made within research programs, or across programs
with similar samplingorotocols and consistent taxonomies.

3) Strong positiverelationships between polychaete abundance and the explanatory variables POC flux
and nodule abundance in multiple data sets indicate that POC flux and nodule abundance are important
variables to iolude in abyssal habitat mapping, and in designing and evaluating APEIls across the CCZ
(as in Wedding et al., 2013).

4) Macrofaunal species accumulation curves are rising rapidly at all sites, indicating that species diversity
at every site remains undsampled, even where large numbers box cores (>50) have already been
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collected. Use of molecular techniques is likely to reveal even more undetected macrofaunal diversity in
the form of morphological cryptic species.

5) Macrofaunal abundance, diversitydacommunity structure vary substantially across the CCZ very
likely in response to variations in POC flux and nodule abundance.

6) Very limited data suggest lower abundance and diversity, and different community structure, in APEI 3
compared to contraat contractareas 60800 km away, but we cannot say whether it differs from nearer
contractand reserve areas. No other direct comparisons can be made between APEIs and contractor areas.

7) Some common species (identified with morphology and/or DNAnigaes) range over 6D0 km,
and a few range over 3000 km, with a species shared between APEIs 1,3,4, and 7 and amritextbr
areas. However, the vast majority of identified macrofaunal species aw@ndas® far collected only at
single sites. e effect of small species ranges cannot be distinguished from the effantteesampling
in creating this pattern.

8) Because rarity is often correlated with small species ranges in better known ecosystems (Pimm et al.,
2014), we cannot assume thlé numerous rare species in the CCZ are widely distributed, and simply
undersampled.

F) Data Gaps
In brief, key data gaps include the following:

1) No quantitative macrofaunal sampling in eight APEIls, and extremely limited sampling in the
ninth (APEI 3).

2) A lack of quantitative macrofaunal sampling in near ally of the central and western CCZ, i.e.,
over >50% of the management area.

3) Very limited understanding of full macrofaunal diversity at any site, and thus in the degree to
which species are distrited across the CCZ.

4) The hundreds of macrofaunal species collected from the CCZ are mostly undescribed fauna, there
has been little intercalibration of morphological taxonomy, and DNA barcoding of macrofauna
has been very limited.

5) Thereare noavailable ime-series measurements of seafloor macrofaunal parameters, or the key
ecosystem driver POC flux, anywhere in the CCZ, making baseline temporal variability
impossible to assess.
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(Note: Tables and Figures follow tiReferences this section)

INTRODUCTION

The benthic invertebrate megafauna are defined here as metazoans over 1 cm in maximum dimension
(sensu Grassle et al. 1975) that live on or just above the sedfloey. include animals such as
cephalopods (e.g. octopus and squid), scavenging amphipods and shrimp, large deposit feeders such as
holothurians (sea cucumbers) and asteroids (sea stars), and susfeatii@nsponges, anemones, corals

and other cnidariang hey constitute an important component of the biodiversity in the abyss. Patterns in
megabenthic density, diversity and community composition are related to the benthic habitat, and are
driven by variation in environmental parameters such as depth, esgtdigiality, presence/type of
bathymetric features, food availability, and patterns associated with previous disturbance (e.g. Simon
Lledd et al. 2019 a,b,c,d; Smith et al. 1997; Cuvelier et al. in review; Durden et al. in prep). Individual
fauna may requé hard substratum, in the form of nodules (Vanreusel et al. 2016), and the effects of these
speciesspecific responses are visible at the community level (Sibhed et al., 2019b). Megafauna

play a significant role in deegea ecosystem function, in nes of phytodetritus consumption and
bioturbation (Smith et al., 2008) and carbon flow through the abyssal Pacific food web (Stratmann et al.
2018).

Knowledge about Clarion Clipperton Zone (CCZ) megafaabandance and diversity in the published
literature is mostly restricted to the eastern CCZ (e.g. Amon et al. 2016, Vanreusel et al. 2016, Simon
Lled6 et al. 2019a), where about 50% of all megafauna were shown to depend on nodules (Amon et al.
2016). Whik higher numerical densities have been observed in locations with higher nodule coverage
(Vanreusel et al., 2016), the precise role of nodules and other local environmental factors in the ecology
of CCZ megafauna is still poorly understood and based ativedly small areas sampled (Simbledo et

al. 2019a, b).

In this study, we aim to compile asgnthesizehe available data on the invertebrate megafauna across
the CCZ. This includes published and unpublished studies. We use these data to desonalscafg
patterns in megafaunal density, diversity and community structure.

METHODS
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For the purposes of regional assessment, megafauna were examined using several methods that facilitated
specimen collection and quantification over large seabed &@pasimens were collected using trawls,
epibenthic sledges and by remotely operated vehicles (ROVSs), facilitating robust taxonomic inspection to
species level and genetic studies (e.g. Amon et al. 2017, Glover et al. 2016). Quantitative spatial
assessmenta/ere done using seabed photography (Durden et al. 2016b), with cameras mounted on
ROVs, autonomous underwater vehicles (AUVs) and towed cameras. As this approach makes
identification to species level difficult for some taxa, animalscategorize intod i st i nct o6 mor pho
in lieu of true species identification.

Invertebrate megafauna were assessed using data inferred from-iseafpecsurveys conducted across

the CCZ and nearby locations (Table 1, Figure 1). A total of 22 areas were evaluatedsymttiésis

report. These included data from six APEIls, contractor areas and areas to the periphery of the CCZ
(Kiribati EEZ and an area to the east of KFigure 1). These data were originally collected using a
range of different methodologies (e.g. ROXUV, and towedcamera systems) and abeseabed
altitudes. Datasets with the highest resolution and lowest sdsaleed altitude of collection were-re
analyzedin accordance with a CCZ standardized morphotype catalogue (see section below). Available
invertebrate megafauna data (see Table 1) can be split into the following categories:

0 Standardizd data (Stehnalysis)imagery collected at abovseabed altitudes ranging fronbam,
with precise measurements of the seabed area encompassed by samplingnuanniotal
sampling effort of 4,000 frper study area, and (re)annotated using the standardized taxonomic
catalogue. As such, these data enable dehaggd comparativenalysesof faunal abundance,
diversity, and assemblage composition. These includefidata eastern Kiribati EEZ (Nautilus
Minerals, SimorLledé et al, 2019d); western CCZ APEIs 1, 4, and 7 (DeepCCZ, Durden et al, in
prep); TOML areas B, C, and D (Nautilus Minerals, Sirhted6 et al, in prep); eastern CCZ
sites (APEI3, GSR, BGR; Cuveli@t al, in review); APEB (SimonlLled6 et al, 2019b); and
UK-1 area (Amon et al, 2016). Notes on-&talysis:

3 Despite being geographically peripheral to the CCZ, data from the eastern Kiribati EEZ
were included in Stdnalyses(e.g. faunal density andiwarsity) as these formed a
geographically close comparison with the western APEIs.

3 Additional data from the DISCOL area in the Peru Basin (Sitdedd et al, 2019c¢)
were not included in angnalysesowing to the large geographic separation from the
CCz.

3 Data from Ukl area (Amon et al, 2016) were only used in a set of thar&lysege.g.,
faunal density), as at the time of writing, the dataset was under reannotation in order to
incorporate the most recent update of the unified catalogue (i.e. latkindance at the
morphotype level; only taxa presence data was available for diversity assessment).

3 Eastern CCZ (APEI3, GSR, BGR) data from video transects collected during SO239
(Cuvelier et al in review; with taxa aligned wiskandardizé catalogue) wer only used
in semiquantitative assessments of fauna distribution, given the different nature of the
collecting platform (see below).

0 Unstandardizé data (metanalysis)imagery collected at abosszabed altitudes ranging from 2
5 m, with relatively pecise measurements of the seabed area encompassed by sampling (e.g.
video transects), and/or only partially aligned with the standardized taxonomic catalogue.
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Original data were obtained from these studies and irstexidardizatiorwas carried out to
broadly align the taxonomic groups included. These allowed quantitative comparisons of (total)
faunal abundance, but no consistent evaluation of diversity or taxonomic composition variations
at the regional scale.

Std-analysis

Standardizd morphotypeatalogue

All metazoans were sorted into taxa and identified to the lowest taxonomic hierarchy possible in image
based identification (i.e. morphotype: typically genus or family level). Faunal catalogues created for the
different areas were combined, moopype identifications were aligned and a common megafaunal
morphotype catalogue for the CCZ was created. At the time of writing, this catalogue encompassed and
classified all metazoan megafatifaxa encountered in the Sddtasets, some of which are retben
described in CCZ taxonomic publications (e.g. Amon et al., 2017a and b; Dahlgren et al., 2016; Glover et
al., 2016; Kersken et al., 2019; Kersken et al., 2018; Molodtsova & Opresko, 2017; Purser et al., 2016). A
list of distinct and characteristic tawaas compiled and their presence was reassessed at all the locations
described in Table 1.

Semiquantitative analysis of taxa distribution

A selection of morphotypes was derived from those abundant morphotypes in-tteteSets that could
be identifiedwith the most confidence (e.g. by nerperts). A total of 22 characteristic morphotypes
were selected and their presence acrossi&taket locations from west to east in the CCZ was assessed.

Morphotype dominance / rarity

To investigate patterns in nahtotype abundance, all the individuals encountered were pooled across all
the Stddatasets, except UK, to perform a rank morphotype abundance assessment. Note that full
datasets with varying total seabed area surveyed (see Table 1) were pooled togdhieahalysis to
explore dominance/rarity patterns for the CCZ region, while regional variations of these parameters were
explored in the areeontrolledanalyseslescribed below.

Area-controlled bootstrappednalyses

Regional patterns in metazoan allance, diversity and composition were quantitatively assessed using
all the picturebased Stdalatasets. Since the number and size of replicate transects, as well as the total
seabed area covered in each of the surveyed locations, were variable, we cppdg & modified form

of ecological bootstrapping (Davison and Hinkley, 1997) with a fixed sampling effort unit resulting from
the resampling of image data, to control the impact of the physical sample size and the potential inclusion
of local variationson the evaluation of each parameter at the regional scale. Resampling techniques
provide robust estimates of standard errors and confidence intervals of sample parameters (see e.g. in
Crowley 1992) and are particularly well suitedaitalyzedata derivedrom survey designs that lack true
sample replication (e.g. Simdiedd et al 2019b, d). To implement the bootstrap, each study area image
data subset was randomly resampled with replacement until a minimum of f080seafloor were
encompassed (bootgiriike sample), and that process was repeated 1000 times for each area. Numerical
densities (ind. M) and a range of diversity metrics were assessed in each of the belitstisamples.

Mean values of these parameters were calculated from each Ipbkstraample set, together with
corresponding 95 % confidence intervals based on the simple percentile method (Davison and Hinkley,
1997).
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The SO239 datasets were not included in the bootstrap analysis at this stage, since the bootstrap approach
used inages as a base unit for data resampling. The potential conversion fromraiteert data into
image/polygon data units is being explored for future incorporation.

UK-1 data were included in assessments of total or phghauific faunal abundance butcixded from
analysedased on morphotype abundance (e.g. all diversity metrics)

Morphotype accumulation curves

Rarefied morphotype accumulation curves (e.g. Colwell et al., 2012) were calculated using-the Std
datasets to infer the representability of eaehiaset and explore the potential effect of the varying
sampling effort sizes in the assessment of diversity patterns. Image data for each area, as well as pooled
data for all APEIs and the rest of CCZ locations (excluding the Kiribati EEZ dataset) amei@amly
resampled without replacement to generate subsamples with fixed coverage of Sf0seabed.
Subsamples for each separate area (or combined locations) were randomly resampled 100 times without
replacement forming increasingly larger sampling sjréind the total number of different morphotypes

was calculated for eactandomiation, along with mean values and 95% confidence intervals, using
Estimate S v.9.1 software (Colwell, 2013). Sampling unit size was quantified as both number of
individuals anl seabed area surveyed.

Environmental drivers

Broadscale, modelled environmental data were used to explore potential drivers of megafauna
morphotype richness and density. Both particulate organic carbon (POC), a measure of food input to the
benthic commanity, and nodule abundance have been shown to influence megafaunal density, community
composition and/or diversity in the CCZ and were thus included iratiadyses(SimonLledé et al

2019b; Smith et al 1997; Vanreusel et al. 2016). Estimates for PO@ i@QA were obtained from a

gl obal mo d e | produced by Lutz et al. (2007), and
Technical Study No. 6: A Geological Model of Polymetallic Nodule Depaosits in the Clarion Clipperton
Fractur e Zo nsedHaljitht MAppiry Gectidn for more detail). POC and nodule abundance
estimates were interpolated to 1 %rasolution. Megafaunal parameters obtained from the-aretlysis

(e.g. density) and the bootstrappadalyseson Stddatasets (e.g. density andxdarichness) were
compared, where possible, by nonparametric correlation (Spearman's Jawikh POC and nodule
abundance of each data location.

RESULTS
Standing stocks and biodiversity of CCZ megafauna
Standing stocks

The geographic spread of faunal density derived from the-ametiysis presented few obvious patterns

(Fig. 3A), excepffor a general reduction in density to the west and a possible trend of higher density in

the central CCZ compared with the peripheraEAs? Variations in megafauna (> 1 cm) density obtained

from bootstrapnalysegerformed on Stdlatasets (Kiribati EEZ, APEIs 1, 4, 6, 7; TOML B, C, D; and

UK-1 areas) described a similar east to west trend of faunal density decrease (Fig. 3B). Thisvpatter

also observed at the phylum level (Fig. 4), with cnidarians and sponges (predominantly composed by
sessile taxa) describing a gradual decrease in abundance towards the west (Fig 4A,C), and a much sparser
distribution of density in echinoderms andhaopods, though generally also unbalanced towards the
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easternmost sites (Fig. 4B,D). Arthropod density was exceptionally high within the Kiribati area, driven
by a large presence of sessile barnacles, most of which were observed attached to deadlkponge sta

Biodiversity

Overall taxa richness (gamma diversity)

A total of 632 invertebrate megafaunal morphotypes from 11 phyla were identified from imagery and
specimens collected across the CCZ (including seamount areas). At the time of writing, these
encanpassed a total of: 198 echinoderms, 169 cnidarians, 121 sponges, 50 arthropods, 33 annelids, 12
ctenophores, 16 molluscs, 12 tunicates, 11 bryozoans, 5 hemichordates (class Enteropneusta), and 3
nemerteans. These are likely underestimates owing to pageinesolution, difficulty identifying fauna

from images, and the presence of cryptic species. Furthermore, to ensure robust identification across
imagery datasets, some of the catalogued morphotypes with complex taxonomic determination were
combined intogeneric morphotypes (eg. sp to Genus spp), reducing the total number of effective taxa
down to a total of 587 morphotypes. From these, a total of 351 morphotypes were observed in imagery
collected in abyssal plain sites across thedstidisets (Kiribati EE, APEIs 1, 4, 3, 6, 7; TOML B, C, D;

BGR; and GSR areas), after exclusion of tild@g and shelled taxa (e.g. some of the annelid and
gastropod mollusc taxa). The echinoderms (123), cnidarians (88), poriferans (83), and arthropods (28)
were the most dierse phyla in the Stdatasets.

Variations in (alpha) diversity

Taxa richness, as obtained from -Bttaset bootstrapnalysesranged between 14 and 67 morphotypes

per c. 1000 mof seabed across the CCZ (Fig. 5A). Western APEIls 1, 4 and 7 showedbarably

lower mean richness per unit of seabed, but this result was strongly driven by the lower faunal density
found in these locations. TOML D area exhibited a substantially higher richness than thethest of
locations, partially driven by the much d@r density in this area (i.e. in comparison with the rest of Std
datasets included in this analysis) but also resulting from the presence of 29 morphotypes (12 poriferans,
9 echinoderms, 3 tunicates, and 4 cnidarians) only found in this area (seévbeddy section). In turn,

no substantial variations were found across areas in Chaol index (Fig. 5B) nor heterogeneity diversity
metrics (Shannon and Simpson indexes; FigDjCas these metrics smothered the differences observed

in the richnes®nly assesment.

Morphotype accumulation patterns

Morphotype accumulation curves showed significant variations in taxa richness between some of the
areas (Fig. 6A), some of which were only perceptible in sample sizes >10°0G®minstance, while
differences bieveen the most taxon rich location (TOML B) and most of the other areas were statistically
detectable in samples >2000, ndifferences between western APEIs required samples >5600 m
become perceptible, while detection of differences between TOML BCaretjuired samples >10,000

m?. However, individuabased assessments revealed a relatively similar taxa accumulation pattern in all
the areas assessed, except for the APEI6 dataset, which exhibited a lower upper range in taxa
accumulation (Fig. 6 C). Cursesuggested that the total megafauna richness at the APEI6 was about 30%
lower than in TOML D, the only comparable dataset to that collected at the APEI6 (both reach a plateau
and have a comparable number of individuals in the sample).

Environmental controls
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Megafaunal density and morphotype richness were investigated in relation to modeled nodule abundance
and POC flux to the seafloor but the biological data were of insufficient ranges for statistically robust
trends to be drawn in some cases (e.g. taclaness obtained from Sthalyses 8 points only),
particularly given the coarse resolution of the environmental data grids (see below). Consequently, only
preliminary trends were explored in this analysis.

Megafaunal density appeared to increase witheimsing nodule abundance in the seabed (Fig. 7 A). We
found a statistically significant correlation (Spearman's rank) between density and nodule availability in
the metaanalysis datar{= 0.60,p < 0.05) although this correlation was nsignificant when using only

data from the Stdnalysis ;= 0.63,p > 0.05).

Biogeography of megafauna across the CCZ

Exploration of both taxa abundance and fmbBt@rsity patterns in this section was performgubn

collation of pooled data available from all the -Sttasets, which presented the following issues: 1) some

of the datasets greatly differed in the total sample size surveyed (e.g. Table 1), which may have
conditioned the detectability (presence abdesce) of taxa across areas, 2) many locations included in
theseanalyseavere represented by only a singler very fewi data points, sometimes from within a

small area of seafloor targeted by sampling. Some data presented here may therefore reseneatbe

of all habitats encompassed within each area. And 3) despite the use of a unified taxa catalogue, different
annotators processed the image data, and only some of the datasets could be taxonomically cross
validated at the time of writing. Forlalhese reasons, results presented in this section should be
considered preliminary.

Taxa abundance and rarity

The majority of megafaunal morphotype distributions in the CCZ are poorly resolved, partly because
there are a high number of morphotypes watly a handful of known occurrences. Morphotype
abundance data across all Stttasets (Kiribati; APEIls 1, 3, 4, 6 7; TOML sites B, C, D; GSR; and BGR
areas) resulted in a rank abundance curve with an extremely long tail (Fig. 9); only 60 morphotypes (17 %
of all taxa) accumulated more than 50 specimen detections, whereas 157 morphotypes (44 % of all taxa)
accumulated only 3 or less. Note also tt@ors in Figure 9 bars are an artifact of the total sample size of
each dataset. On the other hand, a mmedhced number of taxa appears to be sufficiently abundant
across the CCZ to be encountered in several of thde&&det locations evaluated (Table 2). Distributions
observed in the 22 selected morphotypes (e.g. all highly abundant and relatively edsgttm deabed
imagery) appear to be highly variable with no obvious patterns by phyla or mobility, with some
morphotypes occurring from Kiribati to the east CCZ, and in both APEIs and contract areas (Table 2).

Beta-diversity (shared and unshared taxa)

The number of morphotypes shared betweenrdatdset locations with sample sizes >4000ranged

from 22 to 118 (Figure 10), while the number of unshared morphotypes between these areas was similar
(ranging from 15 to 102). The greatest numbers of shamgtratypes were between TOML areas,

which were the most proximate areas, but also those with the largest sampling size. Morphotypes were
shared to a lesser extent between TOML areas and APEI6, but these also had high numbers of unshared
morphotypes. The TKIL and Kiribati areas shared an intermediate number of morphotypes, despite their
great separation. TOML D and Kiribati also exhibited the highest rate of unshared taxa, with 29 and 20
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unshared morphotypes respectively, followed by TOML B (18 unsharey fsR&I6 (11 unshared taxa),

and APEI3 (9 unshared taxa). The Kiribati sampling area is proximate to APEls 1, 4 and 7, but these areas
had a high number of unshared morphotypes. APEI 7 did not share many morphotypes with other sites
and had a high numbef anshared morphotypes with other areas. Many (102) morphotypes were only
found in a single location (Figure 10).

Comparison of APEIs and claim areas

Comparison of megafaunal diversity between the APEIs and mining claim areas is difficult becaeise of th
paucity of data generally and particularly from multiple claim areas. However, these preliminary data
show that many morphotypes are only found in TOBID and Kiribati areas (129) and are not
represented in other areas or in the APEIs. A total of 2patypes were only found in the APElIs, of
which most were only found in a single APEI. Furthermore, taxa accumulation curves with combined
data (Fig. 6 B,D) from APEIs 1,4, 6 and 7 (large spatial spread) showed a much reduced trend in total
taxa richnesdhian combined data from the rest of claim areas (relatively small spatial spread).

Taxa accumulation curves highlighted that the most reliable paired comparison of shared / not shared taxa
across Stdlatasets possible was between the TOML D and APEl6selatagiven the higher
representativity exhibited by the sufficiently large numbers of individuals surveyed in each of these
datasets (Fig. 6C). This comparison is also highly relevant since the APEI6 is the spatially closest APEI
to the TOML D area. Frorthe total of 189 morphotypes found in the TOML D dataset, only 87 (46 %)
were also found in the APEI6 dataset, and from the 119 morphotypes found at the APEI6, despite the
inherently lower richness, 32 taxa (26 %) were not found in TOML D.

DISCUSSION

Synthesis of available invertebrate megafaunal data across the CCZ reveals that huge advances have been
made in sampling the CC&gion. Our metanalysis shows that a total of 481,797 oh seabed from
photographs and 7963 m of video transect has bednaged quantitatively, most of this since 2013.
Improvements in technology have meant that, with the exception of the 1979 OMCO photographic data,
much of the older survey data had to be excluded from the quantitative analysis, mostly because of issues
in standardiing the areal coverage. Owtandardizé imagedataset extends over 134,55G end

includes 28,990 individual animals. The invertebrate megafauna have been evaluated in six of the nine
APEIls. Despite this effort however, the total area survegpaesents only a tiny fraction of the 6,000,000

km? (Lodge et al., 2014) of seabed area in the CCZ (roughly equivalent to the area of a coin in a soccer
field) and our evaluations may not represent the areas we aimed to assess. Despite these lirnitations, o
analyseslemonstrate spatial structure in the invertebrate megafauna at regional scales (also suggested by
Vanreusel et al., 2016), in addition to the landscape scale patterns {Sedoret al., 2019a) and fine

scale patterns with nodule abundances¢®-Lledd et al., 2019b) already documented.

Environmental Controls

Morphotype richness appeared to slightly increase with increasing nodule abundance (Fig. 7 C), but this
relationship was weak and not statistically significang=(0.47,p > 0.05). Hbwever, nodule abundance

can be extremely patchy; abrupt changes (in < 50 m) from high coverage to-fiedupstches are
common in the CCZ seabed (see e.g: Peukert et al. 2018;-8ledinet al. 2019b), but the nodule data

used here was modelled at acse resolution (1 kiibased on relatively sparse input data, and therefore
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did not reflect locabkcale variability. Comparisons based on directly measured nodule abundance from
seabed photographs to megafaunal density, also at regional scale, may fditbegdb explore such
patterns.

Nodule cover has previously been shown to be an important factor in the structuring of megafaunal
communities (Simoihledo et al. 2019b), as some taxa are known to require nodule habitat (Vanreusel et
al. 2016, Amon et &2016). However, these patterns are not necessarily linear. Siledd et al (2019b)

showed how local megafaunal densities increased describing a rapid asymptote (i.e. stabilisihgwin mid
nodule abundance levels) over a gradient of nodule coveragedr} This study also showed that local

taxa richness appeared to be invariable across the nodule gradient unless this metric was calculated upon
fixed-areal sampling units, as this effectively incorporated faunal density as a factor in the calctilation o
taxa richness (e.g. see differences between taxa richness and taxa density ihl&imet al (2019b;

Fig. 8).

No clear relationships between POC flux and either megafaunal density or morphotype richness were
found (Fig. 7 B,D). Again, this may be a¢éd to an issue of scale, since the POC data is integrated over
several years and modelled across the CCZ without spatially extensive sampling in this area. Furthermore,
megabenthic biomass has not been investigated, and this parameter is typicallyodtaid supply (e.qg.

Billett et al. 2010).The density and diversity of megabenthic fauna are known to vary at interannual
timescales in relation to POC flux at other abyssal sites (e.g. Smith et al. 2009; Ruhl and Smith 2004), and
patterns with megafaah community parameters in the CCZ may emerge if measured POC (or sediment
community oxygen consumption, SCOC) at the sites is employed in the comparison, rather than coarse
resolution modelled data.

Biogeography

The geographic distribution of megafalimorphotypes is not consistent. Many morphotypes show broad
geographic ranges across the CCZ, which is supported by high connectivity in common taxa (Taboada et
al. 2018). However, some distinctive taxa display clear east / west differentiation. Theeds@r
considerable differences in the occurrence distribution of common morphotypes between sites (Table 2).
At the phylum level (at least the 4 main phyla examined), there are clear differences in relative
composition and densities between sites (Figre

Although for the purpose of this regional synthesis only megafauna data collected in abyssal plain
habitats were assessed, the landscapes of the CCZ are punctuated by seamounts and smaller bathymetric
features such as abyssal hills, ridges and tro(ghsis et al. 2014; Simehled6 et al. 2019a), which

provide a variety of habitats. Seamount summits investigated in BGR, GSR and APEI3 areas showed
differences in megafaunal composition when compared to nodule fields, and thus appear to represent a
unique habitat (Cuvelier et al. in review).

Biodiversity

No regional syntheses of invertebrate megafauna are available for abyssal plains to compare to the CCZ.
However, the biodiversity of the invertebrate megafauna assessed in the CCZ (632 from catalogue) is
considerably higher than other extensively evaluatsasal plain sites. Even the species richness of most
individual sites exceeds morphotype counts for a-temgn monitoring station in the eastern Pacific,
Station M (102 taxa; Kuhnz et al., 2014), and the Porcupine Abyssal Plain in the northeast AtBanti
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morphotypes; Durden et al., 2015). Biodiversity patterns across the CCZ are not obvious. There was no
clear correlation with any environmental drivers evaluated here, although there armisoatches
between datasets.

APEls

The density of taxa is thought to be lower in APEIs across the CCZ (Vanreusel et al., 2016). Our data
provide some weak support for this, although the variation in density from west to east of the CCZ is
much greater in magnitude. There appear to be fevegafaunal taxa observed at the APEI sites than the
contractor areas, whestandardizé by area or individuals, and there are relatively few shared
morphotypes between contractor areas and the nearby APEIls. Comparable patterndiedérisdtaare

poorly known in the deep sea, most studies focus on eefdted patterns. APEls appear to contain
fewer nodules (and smaller nodules in many cases), which may explain the differences in megafaunal
density and diversity (Simebled6 et al 2019b), although furthstudy is needed.

Possible temporal patterns

Two longterm (~30 year) timseries locations on abyssal plains provide useful temporal context for our
spatial analysis of the CCZ region: the Porcupine Abyssal Plain in the northeast Atlantic (4850 m water
depth) and Station M in the eastern Pacific (4000 m water depth). Significant variations in the megafaunal
communities at these two sites have been observed over time. Total density at each site ranged over an
order of magnitude, and the densities of soneephotypes changed by three orders of magnitude (Billett

et al 2010; Kuhnz et al. 2014). Diversity also varied wat@mnually. At Station M, dominance changed

over time, both in terms of the identity and order of magnitude changes to the density afsthe m
dominant fauna. The combination of such large changes in both total densities and individual densities
with alterations to diversity resulted in major changes to the community structure. Such large temporal
variations indensity, diversity and commugistructure suggest that potential temporal variation should

be evaluated in the CCZ, to ensure that the spatial differences in densities found in this regional analysis
(which range from ~0 to 0.6 indmless than an order of magnitude) are not confedriy temporal
variation.

Qualifications and caveats

There are a number of important qualifications and caveats associated with the data used in this work.

0 Many of the data are preliminary and may not be extensively-enaked.

0 More detailed data chking and analysis is planned prior to subsequent publication in the
scientific literature.

0 The number of transects and images were low in some cases.

0 There may be differences in the levels of detection and identification between studies using
different anotators.

0 The fauna are not well known taxonomically and identifications may be preliminary

0 The use of morphospecies may over or underestimate true biodiversity as well as impact our
assessment of community patterns and biogeography

Gaps
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The megafaunal data syntheisientified a number of data gaps:

1)

2)

3)

4)

5)

There is a paucity of data from the contract areas located in the central and west CCZ, as well as
APEls 2, 5, and 8.

While there are a large number of seamount features located acrossZheh&€ have been

very little data collected from these habitats (both summits and flanks), despite indications of
limited faunal overlap and connectivity with abyssal areas. This prevents conclusions being
drawn about the potential use of seamounts fagieeareas. Based on the possible uniqueness of
their inhabiting fauna, seamounts should be considered within the CCZ environmental
management plan.

Temporal data are also severely lacking from the CCZ, and as a result the level of natural
variability andfluctuations in morphotype composition over time cannot currently be evaluated.

The image data are from a small number of transects. While these transects can be long, and
cover a considerable area, there needs to be more image stations in differéanslieex across
different substrate/topography to improve our charaton of megafaunal diversity and
distribution. The current analysis was limited by insufficient data on substrate type (e.g., nodule
cover) for a number of data sets.

The functionalrole of megafauna in the ecosystem is not well quantified. Trophic dynamics are
poorly known. There is limited information on interactions between megafauna and other size
classes, it should be considered that there may be ontogenetic movements obtaxattie size
classes.

Conclusions

0
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Spatial variability is relatively high between sites across the CCZ. There are considerable
differences in the distribution of common morphotypes between sites (Table 2). At the phylum
level (at least the 4 main phyéamined), there are clear differences in relative composition and
densitiesbetween sites (Fig 6). There is also high spatial variability at finer spatial scales.
Temporal variability could not be addressed but is known from other abyssal plain dies to
relatively high on annual scales.

There is a trend of increasing density from west to east across the CCZ, with comparatively low
density levels in the western and central CCZ and high in the eastern areas (Fig 3, Fig 4).

There are many rare morphotypesported to date as singletons or in small numbers (< 3
occurrences). This could be in part an artefact of the low density of taxa characteristic of the
CCZ, coupled with insufficiently large sample sizes collected in iraged assessments (see
egs: SinorLledo et al 2019a; Ardon et al 2019), and thus the real level of rarity or endemism is
still uncertain in most areas investigated.

Overall, although morphotype composition varies, morphotype diversity and evenness are
consistent between sites across BEZ (Fig 5). Morphotype rarefaction curves (Fig 6) indicate
that the rate of discovery of morphotypes is lower in APEls than in other areas, and that
morphotype composition is not fully described for all sites across the CCZ.

There are over 50 shared mbotypes between the most distant sites (APEI6 and Kiribati, 5000
km). There are always at least 20 morphotypes shared between sites surveyed with sample sizes >
4000 nf (Fig 10). However, many morphotypes are only found at one site, particularly in the
TOML B/D and Kiribati areas.
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Our ability to compare between APEIs and adjacent contract areas is limited by sampling. APEls
1, 4 and 7 have no nearby sites for comparigd?EI6 has nearly 90 morphotypes in common

with TOML D sites and many morphotypes in common with-LIK

Nodule cover has been shown in published studies to be an important determinant of megafaunal
composition and abundance (Fig 8). It is a key environahelniver for invertebrate megafauna.

The modelled nodule data show a weak relationship with megafaunal morphotype richness and
density. Individual morphotypes can be exclusively found on nodules. We would like to compare
nodule counts from photographs riiegafaunal counts directly to look for broader pattdurs

have not yet done this.

There is no clear relationship between any megafaunal community parameters and POC flux to
the seafloor (Fig 7). Patterns may emerge if we use measured POC (or sedimeninity

oxygen consumption) for the sites rather than coarse resolution modelled data. We have also not
investigated biomass, which is typically more closely related to food supply.
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Tables

Table 1: Summary of invertebrate megafaunal data available from the Clarion Clipperton Zone. (S)
indicates data used in tlstandardizé assessment. Asterisk indicates that the dataset is based on video

transect data. Data from APEIs are highlighted in bold.

Area TransectsArea Source Reference, DOI
(n) sampled
(m?)
Kiribati (s) |6 14,666 [Nautilus Minerals / NOC SimonlLledd et al. 2019l
10.3389/fmars.2019.00605
APEIL (s) 2 6,539 Univ. Hawaii Durden, Inprep
APEI4 (s) 2 9,139 Univ. Hawaii Durden, In prep
APEI7 (s) 2 7,021 Univ. Hawaii Durden, In prep
OMCO-B 2 1,599 UK Seabed Res. / Un{McQuaid, In prep
Plymouth
OMCO-A 1 800 UK Seabed Res. / UniMcQuaid, In prep
Plymouth
OMCO-C 1 802 UK Seabed Res. / UnivjMcQuaid, In prep
Plymouth
TOML-B (s) |4 24,955 |Nautilus Minerals / NOC SimonLledd, In prep
KODOS 201§7 156,348 [KIOST In prep
KODOS 20195 131,064 [KIOST In prep
OMCO-D 1 800 UK Seabed Res. / Un{McQuaid, In prep
Plymouth
TOML-C (s) |4 29,246 |Nautilus Minerals / NOC SimonLledo, In prep
OMCGO-E 1 801 UK Seabed Res. / Un{McQuaid, In prep
Plymouth
OMCO-F 2 1,600 UK Seabed Res. / UniMcQuaid, In prep
Plymouth
APEI3 (s) |2 *3,300 m IMARE/IMAR/OkeanosUniv. [Cuvelier, in review,10.5194/bg
Azores 2019304 initial evaluation i
Vanreusel et al. 2016
APEI9 3 52,632 |KIOST In prep
OMCO-G 1 799 UK Seabed Res. / UniMcQuaid, In prep
Plymouth
TOML-D (s) |3 20,200 |Nautilus Minerals / NOC SimontLledo, In prep
GSR (s) 2 *1,200 m IMARE/IMAR/OkeanosUniv. |Cuvelier, in review, 10.5194/b
Azores 2019304 initial evaluation i
Vanreusel et al. 2016
GSR 4 860 GSR (from Patani® / U.[unpublished
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Ghent

APEI6 (s) [12 18,582 [NOC SimontLledo et al. 2019b
10.1002/Ino0.11157
BGR 1 *1,600 m IMARE/IMAR/OkeanosUniv. |Cuvelier, in review, 10.5194/b
Azores 2019304 initial evaluation i
Vanreusel et al. 2016
UK-1 (s) 4 4,204 NHM/Univ. Hawaii Amon et al. 2014

10.1038/srep30492
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Table 2: Presence of characteristic species (e.g. most abundant and identifiable with the most confidence
from imagery) across Stlites from west to east in the CCZ. M=mobile, S=sessile. X denotes presence.

MOBILE/ | KIRIBATI

SESSILE| Egz |APE!1|APEI4| APEI7 | TOML B|TOML C| APEI3|TOMLD| GSR | APEI6| BGR | UK1
M X X X X X X X | X X| X
M X X X X X | X X | X
s X | X X X X X | X X| X
M X X | X X X X X | X
s X X X X X X | X X| X

) X X X X X
s X X X X X X X X X X X
M X X X X X

s X X X X | X
s X X X X X X X X X X
s X X X X X X
s X X X X X X
M X X X X

s X | X X X X X
s X X X X X
M X X | X X X X X X X X | X
s X X X X X X X X
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Figure 1: Map of sites from where \ertebrate megafaunal data were available for this study from the
Clarion Clipperton Zone. Thetandardizé¢ dat asets are | ocations -depi ct ¢
analysisodo set includes some of the other (green)
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Figure 2 Megafaunal taxa recorded in the CCZ. Images include examplesPbiifiera: a) Saccocalyx
sp. and b)Sympagella clippertonaghe Cnidaria: ¢) a sea anemone (Actiniaria), d) Belicanthussp.
from a newly erected cnidarian order, e) a sofac@Alcyonacea, closer view of polyps in inset); the
Echinodermata: f) a stalked crinoid, g) the ophiurof@phiosphalma glabrurforal view), h) an asteroid
(Pterasteridae), several holothuriansPgychropotes longicaugg) Psychropotes semperianand R
Peniagonecf. leander the Arthropoda: 1) an isopod (Munnopsidae), m) the decaptemipenaeusf.
spinidorsalis the Mollusca: n) the cirrate octopu€irroteuthissp. and; thédemichordata: 0) an acorn
worm (Enteropneusta). Image credisc,e,f,h,] SO239, ROV Kiel 6000 (GEOMAR Helmholtz Centre
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