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Significance

 Little is known about the functional 
biogeography and diversity of the 
animal communities inhabiting 
hydrothermal vent habitats in the 
remote deep ocean. Our global 
analysis of >500 vent species 
found that regional species pools 
can be very different in terms of 
the traits represented, likely due to 
geological setting and evolutionary 
history. Moreover, half of the 
global vent species are functionally 
unique, and our simulations 
suggest that potential species loss 
could quickly translate into 
functional loss across vent regions. 
In the current context of deep-sea 
exploitation and industrialization, 
proactive and aggressive measures 
are necessary to safeguard iconic 
hydrothermal vent communities.
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At the nearly pristine hydrothermal vents of the deep sea, highly endemic animals 
depend upon bacteria nourished by hydrothermal fluids that emerge as outflows from 
the seafloor. These animals are remarkable in tolerating extreme conditions, including 
high heat, toxic reduced sulfide, and low oxygen. Here, we test whether the extreme 
vent environment has selected for functionally similar species across the world’s deep 
ocean, despite well- established global geographic patterns of high phylogenetic dis-
tinctness. High functional redundancy in species pools within regions suggests that the 
extreme environments select for species with specific traits. Yet, some regions emerge 
as functional hotspots where species pools with distinct functional trait compositions 
may represent geological idiosyncrasies of the habitats. Moreover, many species are 
functionally unique, an outcome of low species richness in a system where the species 
pool is small at all scales. Given the high proportion of functionally unique species, 
simulated species extinctions indicate that species losses would rapidly translate to the 
elimination of functionally irreplaceable species and could tip vent systems to functional 
collapse. Ocean changes and human- induced threats are expected to significantly impact 
many vent species as human activities expand in the remote deep sea. The opportunity 
exists now to take precautionary actions to limit the rates of extinction now ubiquitous 
in more accessible areas of Earth.

macroecology | functional biogeography | community assembly | functional diversity |  
functional resilience

 Deep-sea hot springs, or hydrothermal vents, are small island-like habitats patchily dis
tributed (10s to100s km) along the world’s tectonic plate boundaries that contrast radically 
with the stable, energy-poor “background” environments of the deep sea ( 1 ). Vent habitats 
provide some of the harshest conditions for animal life on Earth with highly fluctuating, 
steep gradients of temperature (from >300 °C to cold, ambient seawater temperatures), 
heavy metals, and toxic, chemically reduced compounds (e.g., H2 S) ( 2 ,  3 ). Yet, reduced 
compounds support high in situ microbial chemoautolithotrophic production ( 4 ) that 
sustains dense communities of endemic, highly specialized animals that mainly disperse 
at larval stages from vent to vent ( 5 ,  6 ).

 Deep-sea vent communities are one of the last frontiers on Earth where biodiversity has, 
to date, been minimally impacted by human activities ( 7 ,  8 ). Thus, hydrothermal vent systems 
present an extreme environmental setting with communities that have not yet shifted from 
historical baselines, offering a model system for determining fundamental ecological patterns 
and testing hypotheses ( 9 ). Similar environmental filters are expected to select for species that 
share common traits, leading to convergence across species occupying similar habitats but 
arising through different evolutionary lineages. Indeed, trait convergence of species from 
different regions but similar habitats occur in plants ( 10 ,  11 ), beetles ( 12 ), lizards ( 13 ), ter
restrial mammals ( 14   – 16 ), and fishes ( 17   – 19 ).

 At hydrothermal vents, environmental constraints posed by high temperature and toxic 
compounds may also filter for specific biological traits. For instance, species that host che
moautotrophic symbiotic bacteria, internally or on their body surfaces, are adapted to access 
reduced compounds and oxygen to provision their symbionts while dealing with the harsh 
and extreme fluctuations of the environment ( 20 ). The giant tubeworm Riftia pachyptila , 
for example, is an iconic vent species, found at the East Pacific Rise and Galápagos vents 
(hereafter East Pacific vents; SI Appendix, Fig. S1 ), that hosts chemoautotrophic bacteria 
internally in a specialized organ called the trophosome ( 21 ). The adaptations of vent species 
with feeding strategies other than chemosymbiosis may also converge given the high and 
focused productivity and the unique nature and constraints of vent habitats compared to 
the rest of the deep sea.

 Taken together, the harsh environmental fluids, high productivity, and the island-like 
nature of vent habitats presumably create strong pressures that select for specific traits and D
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species that perform similar ecological roles, leading to trait con
vergence across regional species pools and high functional redun
dancy. However, evolutionary history can also constrain the 
emergence of traits across phylogenetic lineages and the set of 
ecological strategies that are possible for some taxa ( 22   – 24 ). 
Indeed, species composition at vents from different regions that 
have been phylo-geographically isolated differs as much as tropical 
and boreal forests ( 25 ). Consequently, unique sets of trait combi
nations possessed by only one or a few species in a community/
region may occur, representing idiosyncratic evolutionary histories 
of different vent regions.

 Here, we quantify different dimensions of the functional diver
sity of 511 species from 11 deep-sea hydrothermal vent regions 
identified in the world’s deep ocean to investigate the functional 
convergence and uniqueness of vent ecosystems. Building from 
the sFDvent database ( 26 ), we include species across several orders 
of magnitude in size, inhabiting areas from under vigorous vent 
fluid influence to vent periphery, and from recently explored 
regions including vents of the Antarctic ( 27 ), Arctic ( 28 ), and SW 
Indian ( 29 ) oceans (SI Appendix, Fig. S1 ). We update six species 
traits capturing the performance of vent species and their influence 
on ecosystem processes: adult mobility, maximum body size, feed
ing mode, habitat complexity provided, chemosynthesis obligate 
(i.e., species occurring exclusively at vents, shared with other 
chemosynthesis-based habitats or non-chemosynthetic habitats), 
and zonation from vents (i.e., species inhabiting areas of high, 
medium, or low hydrothermal fluid influence).

 First, to find functional axes determining typical species eco
logical strategies and to assess how vent environments constrain 
the diversity and combination of species traits, we created a global 
functional space. Species distributed across this functional space 
based on their functional dissimilarity. We then tested whether 
regional species pools share similar trait composition despite dis
tinct taxonomic faunal compositions. We also tested whether 

regional species pools show similar trait diversity (functional dis
persion) and high redundancy. We then focused on species func
tional uniqueness within regional pools, to quantify whether 
species with unique ecological strategies are rare, before simulating 
species extinctions to quantify their impacts on regional functional 
diversity. We designed null models to disentangle the values of 
observed functional responses from changes expected solely due 
to species richness differences. 

Results and Discussion

 The successful ecological strategies of hydrothermal vent species 
are constrained to a small set of trait combinations distributed 
mainly along two independent functional axes related to life-
history traits and habitat specialization ( Fig. 1 ). The 511 species 
represent 167 unique trait combinations, as determined by the 
possible combinations across trait categories, of a total potential 
of 3,456 combinations (<5%) suggesting that most potential trait 
combinations are not realized in this set of species ( Fig. 1A  ). 
Moreover, greater than 60% of trait variation is bounded along 
one functional plane based on species ordination using Principal 
Correspondence Analysis (PCoA) ( Fig. 1A  ).        

 The first axis of variation (which explains 35.92%) identifies one 
extreme, typified by species that are typically sessile and large, have 
symbiotic relationships with chemosynthetic bacteria and contribute 
complexity to the habitat ( Fig. 1B  ). This set of traits corresponds to 
iconic foundation species dominating biomass at vent communities 
( 4 ,  30 ) (e.g., the giant tube worm R. pachyptila  and the mussel 
 Gigantidas tangaroa ) ( Fig. 1A  ). At the other extreme, species are freely 
mobile, small, heterotrophic and do not add complexity to the habitat 
( Fig. 1B  ), representing the abundant species exploiting vent primary 
productivity (e.g., the amphipod Bouvierella curtirama  and the scale 
worm Harmothoe globosa ) ( Fig. 1A  ). Along the second axis of variation 
(which explains 26.57%), species distribute along a functional 
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Fig. 1.   The global functional space of vent species and their functional strategies. (A) Global pool of unique trait combinations (n= 167) distributed along the 
first two PCoA axes synthesizing 62.5% of trait variation. Unique trait combinations are weighted by the number of species. The species distribution density is 
shown along axes on the top and right side. Drawings highlight “archetype” species representing ends of the continuum of ecological strategies uncovered, that 
is, from the giant tubeworm Riftia pachyptila and the mussel Gigantidas tangaroa (Left) to the amphipod Bouvierella curtirama and the scale worm Harmothoe 
globosa (Right), and from G. tangaroa and H. globosa (Bottom) to R. pachyptila and B. curtirama (Top) (B) Distribution of categories for each trait along the global 
functional space. Trait distribution densities along axes are shown on the top and right side of the PCoA.D
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continuum of habitat specialization. At one extreme of this axis, spe
cies belong exclusively to vent habitats (Chemosynthesis obligate: 
“Vent”) and inhabit microhabitats under higher environmental stress, 
i.e., high and diffuse-fluid-flux areas (Zonation from vent: “High” 
and “Medium”, e.g., R. pachyptila  and B. curtirama ) ( Fig. 1B  ). At the 
other extreme, species also occur in other chemosynthetic (Chemo
synthesis obligate: “Other CBE”) or non-chemosynthetic deep-sea 
environments (Chemosynthesis obligate: “No”) and inhabit less stress
ful microhabitats, i.e., diffuse fluid-flux and periphery areas (Zonation 
from vent: “Medium” and “Low”, e.g., G. tangaroa  and H. globosa ) 
( Fig. 1B  ). These continuums along two functional axes imply that 
certain trait combinations are rare or nonexistent explaining the low 
number of realized unique trait combinations. For instance, founda
tion species were not highly mobile, and vice versa ( Fig. 1B  ). Similarly, 
species shared with other chemosynthetic and non-chemosynthetic 
deep-sea habitats rarely inhabit high-fluid flux microhabitats ( Fig. 1B  ) 
highlighting that vent endemics require specific adaptations to harsh 
environmental regimes presented by venting fluid and hard substrata 
( 31 ,  32 ).

 Some species pools show a distinct functional trait composition. 
We assessed regional functional turnover, the non-overlapping 
functional space, through pairwise comparison and verified null 
expectations assuming a random species distribution (Materials 
and Methods ). In ca. 30% of the pairwise regional comparisons, 
turnover is greater than expected based on null models (SES > 
1.96); however, these mainly involve species from the Mohns 
Ridge and/or the East Pacific suggesting that only these two 
regions host functionally distinct species pools ( Fig. 2A  ). We also 
find that these two regions show opposed patterns of functional 
dispersion as revealed by null expectations under random species 
distribution. Specifically, the East Pacific region, as well as the 
Indian Ridge, display lower functional dispersion (SES < −1.96) 
suggesting that their species pools have low functional diversity 
( Fig. 2B  ). By contrast, the Mohns Ridge and Guaymas Basin spe
cies pools show higher functional dispersion than expected (SES 
> 1.96) indicating that they contain taxa with very distinct traits 
and thus constitute functional hotspots ( Fig. 2B  ). Null models 

also reveal that redundancy is higher than expected (SES > 1.96) 
in more than 50% of the regions including the East Pacific, East 
Scotia Ridge, Kermadec Arc, Mid-Atlantic Ridge, Okinawa 
Trough, and South West Pacific ( Fig. 2B  ) supporting the hypoth
esis that vent environments select for species with similar ecolog
ical strategies in these regions.        

 Despite the fundamental similarities in the geochemical nature 
of the fluids that sustain these chemosynthetic communities, we 
find notable differences in the functional traits among regions. For 
instance, the evolution of biogeographical connections (e.g.,  31 , 
 33   – 35 ) is one likely driver of differences in the case of Mohns Ridge 
communities. The vents here lack vent endemics including chemo
symbiotic foundation species ( Fig. 3  and SI Appendix, Fig. S2 ) due 
to geological and hydrographic barriers to exchange with Pacific 
and Mid-Atlantic Ridge fauna ( 28 ,  33 ). The proximity to conti
nental shelves and seeps enabled colonization of Mohns Ridge vents 
by fauna from other reducing environments, such as sunken wood 
and seeps ( 36 ,  37 ), and Arctic-tolerant background species, includ
ing uncommon vent inhabitants such as sponges ( 33 ). The resulting 
unique, nonendemic communities composed of fauna with very 
particular traits rarely seen in other hydrothermal vents thus drive 
the distinct functional composition of Mohns Ridge and its high 
functional dispersion.        

 Tectonic dynamics also may shape functional trait distribution. 
Despite the East Pacific being the most species-rich region, it is missing 
foundation vent species that occur at other chemosynthesis-based 
habitats, such as seeps and organic falls, and that inhabit lower 
fluid-flow microhabitats and/or periphery ( Fig. 3  and SI Appendix, 
Fig. S2 ). Indeed, East Pacific vents are distant from seeps and are 
hosted on bare basalt with few, if any, sedimented reducing niches for 
the establishment of seep species or species from other deep-sea hab
itats ( 31 ). Furthermore, some East Pacific Rise sections suffer frequent 
catastrophic volcanic eruptions that wipe out entire communities, 
precluding succession to ecological climax ( 38     – 41 ). The frequent dis
turbances and reduced habitat availability could constrain the func
tional space occupied by the East Pacific species pool and drive its 
distinct functional composition, low dispersion, and redundancy.
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 Environmental variability may also influence the functional 
composition and distinctions among regional species pools. The 
functional turnover between the East Pacific and Guaymas Basin 
regions is higher than expected based on our null expectations 
( Fig. 2A  ). Guaymas Basin vents are evolutionarily related to the 
East Pacific vents and share eight species in our database including 
the giant tubeworm R. pachyptila  ( 34 ). By comparison, vents at 
Guaymas Basin are hosted in a more stable, sedimentary basin 
with reducing sediments and share species with the nearby conti
nental margins and cold seeps ( 32 ,  42 ). Indeed, Guaymas Basin 
vents may play a pivotal role in the transition and radiation of 
faunal lineages between sedimented cold seeps and hot, bare-rock 
vents in the Pacific ( 31 ). The heterogeneity of habitats in Guaymas 
Basin compared to those in the East Pacific thus likely drives 
observed differences in functional composition, despite evolution
ary relationship between these regions, and promotes high func
tional dispersion of Guaymas fauna.

 The percentage of unique trait combinations represented by a 
single species (Uniq) is more than 50% of the total combinations 
in each regional species pool ( Fig. 3 ). Specifically, unique trait 
combinations represented by one species range from 56% of the 
total unique trait combinations in the East Pacific to 91% in 
Guaymas Basin (see “Uniq” bars:  Fig. 3 ). These values agree with 
null expectations under random species distribution in over 70% 
of regional species pools indicating that a high number of unique 
trait combinations represented by a single species is a common 
characteristic of the world’s vent regions (SI Appendix, Fig. S3 ). 
Given the low richness of vent systems, unique trait combinations 

will typically be represented by a single species versus multiple 
redundant species. Indeed, we observe that half of the total 197 
unique trait combinations in our global species dataset are repre
sented by a single species (SI Appendix, Fig. S4 ). Moreover, unique 
trait combinations represented by one species are evenly distrib
uted across the global functional space and are also dispersed across 
taxonomic groups. Thus, particular traits and taxa are not associ
ated with functional uniqueness (SI Appendix, Fig. S4 ).

 The selection of traits, how the different categories within each 
trait are assessed, and sampling bias can lead to most unique trait 
combinations being represented by only a single species ( 19 ). 
However, the patterns uncovered in our analysis are not likely due 
to the trait scoring methods we selected or to sampling bias. First, 
we performed sensitivity tests, rerunning analyses after removing 
one trait at a time and collapsing trait categories to fewer categories 
(Materials and Methods ). These tests show that unique trait com
binations represented by one species are almost never lower than 
the 50% of the total combinations at any given regional species 
pool; our results therefore appear robust to potential methodo
logical bias related to trait and category selection (SI Appendix, 
Tables S1–S6 and F ig. S5 ). Second, our findings do not result 
from sampling bias because even in the most heavily sampled 
regions, such as the East Pacific (126 species) and the Mid-Atlantic 
Ridge (75 species), functionally unique species are the majority 
(~56% and ~67% of the regional species pool) ( Fig. 3 ). Thus, the 
many functionally unique species that we find are likely an out
come of low species richness in a system where the species pool is 
small at all scales with unfilled functional space.

Fig. 3.   Global distribution of vent regions and their functional patterns. Functional space of regions (colored polygons) and pools of species (dots) along 
the first two PCoA axes are shown within the global functional space (white polygon). Species with identical trait combinations are superimposed. Species 
distribution density along axes are shown on the top and right sides. Bars show the percentage of species (Sp), functional dispersion (FDis), and unique trait 
combinations represented by one species (Uniq). Sp and FDis are expressed as percentages of the global totals whereas Uniq is expressed as percentage of 
each regional pool (raw values showed on the bar tops). The functional redundancy (FRed) is indicated for each functional space. Image credits: Juan de Fuca 
(Ocean Networks Canada), Mid- Atlantic Ridge and East Pacific (Ifremer), Mohns Ridge (University of Bergen), Okinawa Trough (Chong Chen/JAMSTEC), Mariana/
Ogasawara Arc (NOAA/WHOI), South West Pacific and Guaymas Basin (Schmidt Ocean Institute); Kermadec Arc (NOAA/NIWA), Indian Ridge (Jon Copley/University 
of Southampton), and East Scotia Ridge (27).
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 Our findings further highlight that extinction could lead to a 
quick loss of function. We simulated species extinctions assuming 
equal probability of extinctions and no dependencies between 
species. To remove 50% of the functional space (functional rich
ness) required species removals ranging from 29% (Kermadec 
Arc) to 57% (Southwest Pacific) ( Fig. 4 ). In highlighting the 
potential reduction of overall functional space with species loss, 
we note that both rare and common species make unique con
tributions to functional diversity at vents ( 9 ). Thus, we find poor 
insurance against functional loss because the extinction of one 
species, on average, represents loss of a species with a unique 
ecological role.        

 Although species extinctions are influenced by traits related to 
the causes of extinction ( 23 ,  43 ) and are not random, current data 
are insufficient to assign trait-based probabilities of extinction. 
However, the dominant model of connectivity in deep-sea hydro
thermal vents is the stepping stone model (e.g., refs.  44  and  45 ). 
This model implies that the removal of a local population could 
eventually starve a highly dispersive species of recruits. Moreover, 
most vent species have restricted distribution ranges, and they are 
often known only from one to a few vent sites, e.g., Northwest 
and Southwest Pacific regions ( 46   – 48 ), Juan de Fuca Ridge ( 46 ), 
the Mid-Atlantic Ridge ( 49 ). Wholesale removal of vent sites by 
mining, trawling, or other impacts will likely take out species from 
the regional species pool that have a restricted distribution. The 
disruption of the metapopulation by removing a site may therefore 
have catastrophic effects. Thus, we suggest that, in view of lack of 
better data and the presence of constraining factors, a “random 
removal” of species is a reasonable approximation.

 Vent communities will likely be heavily altered if invaded by 
exotic species and pathogens; a common impact of human expan
sion ( 50 ,  51 ). Any regional gains in species will likely come with 
functional consequences as invasive species often differ functionally 
from resident native species ( 52 ). Many vent species are unique, 
based on their trait combinations, and functional spaces show 
unfilled gaps in all regions suggesting that invasive species can exploit 
gaps in ecological niches or functional space left by native species 
( 53 ). When such gaps occur, invasive species may find favorable 
conditions to establish and thrive, sometimes outcompeting native 

species for resources and altering entire community species com
position and functioning ( 52 ,  53 ). As human activities increase 
in the deep ocean, the potential transmission of species and path
ogens to vent systems is a concern ( 54 ,  55 ).

 This first look at the global picture of vent functional diversity 
has important implications for vent responses to disturbances and 
human impacts. Hydrothermal vent ecosystems are listed by the 
United Nation’s FAO as a “Vulnerable Marine Ecosystem” because 
the available habitat is typically only meters in size and many 
species are endemic ( 25 ). Ocean changes and anthropogenic 
threats will likely have strong impacts for many vent species as 
human activities and their influence increase in the deep sea  
( 7 ,  56 ,  57 ). Deoxygenation and changing currents may influence 
species larvae, while destructive activities such as mining will 
reduce habitat availability and habitat quality impacting both 
species with large and restricted geographic ranges or those with 
small source population areas ( 25 ,  56 ).

 Successful restoration is unlikely in these extreme, unusual, and 
remote environments ( 25 ) where endemic species will be highly 
vulnerable to extinction ( 58 ). Moreover, the loss of species can erode 
functional diversity ( 23 ,  43 ) and ecosystem functioning, as the num
bers and types of species representing unique morphological, phys
iological, and/or behavioral characteristics ( 59 ,  60 ) relate to 
contributions to ecosystem functions and services ( 61   – 63 ). Even 
though seafloor vent habitats cover only ~50 km2  worldwide ( 25 ), 
vents play important roles in global ocean micronutrients and carbon 
cycling ( 64 ,  65 ) affecting both shallow and deep systems ( 4 ,  65 ), are 
areas of endemic genetic resources for the development of new  
biotechnology and pharmaceutical products, and act as invaluable 
technological, educational, and inspirational sources [reviewed in 
( 25 )].

 Our findings indicate that the small pools of vent species have 
many functionally unique species. Species losses, as simulated here, 
will likely lead to functional loss as observed in more accessible 
habitats ( 43 ), with the potential for negative societal consequences 
( 61 ). Moreover, many vent regions appear to have many empty 
niches available and could be vulnerable to species introductions 
( 54 ,  55 ). Given the ubiquitous high rates of species extinctions and 
invasions in accessible habitats, this high functional vulnerability 

0 20 40 60 80 100 120

0
0.

00
5

0.
01

0
0.

01
5

2 4 6 8 10 12 14

0
0.

00
1

0.
00

2
0.

00
3

0.
00

4

0 5 10 15 20 25 30

0
0.

00
5

0.
01

0
0.

01
5

0 5 10 15 20 25 30 35

0
0.

00
1

0.
00

2
0.

00
3

0.
00

4
0.

00
5

0 5 10 15 20 25 30

0
0.

00
5

0.
01

0
0.

01
5

0 10 20 30 40 50

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

East Pacific

East Scotia Ridge
Guaymas Basin
Indian Ridge

Mariana/Izu-Ogasawara Arc
Juan de Fuca Ridge
Kermadec Arc

Mid-Atlantic Ridge
Mohns Ridge
Okinawa Trough
South West Pacific

Extinguished species Extinguished species Extinguished species Extinguished species Extinguished species

Extinguished species

Fu
nc

tio
na

l s
pa

ce
Fu

nc
tio

na
l s

pa
ce

2 4 6 8 10 12 14

0
0.

00
10

0.
00

20
0.

00
30

0 10 20 30 40 50 60 70

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

5 10 15 20

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0

0 10 20 30 40 50

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0

0 10 20 30 40 50 60 70

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0

y= -0.00025x + 0.0035
                     R = 0.65 2

y= -0.00015x + 0.0048
                   R = 0.76 2

   y= -0.0006x + 0.017
                     R = 0.83 2

   y= -0.0005x + 0.027
                     R = 0.89 2

 y= -0.00063x + 0.02
                     R = 0.9 2

y= -0.00014x + 0.018
                    R = 0.85 2

y= -0.00019x + 0.0026
                     R = 0.65 2

 y= -0.00037x + 0.026
                     R = 0.87 2

   y= -0.0011x + 0.023
                     R = 0.88 2

   y= -0.00041x + 0.02
                     R = 0.86 2

y= -0.00032x + 0.026
                    R = 0.872

54.67% 31.20% 47.66% 39.32% 38.35% 48.54%

57.01%43.51%40.04%48.21%29.06%

Fig. 4.   Simulated extinction of species and its effect on the extent of function (functional richness) of vent regions. For comparison, the proportion of extinguished 
species (vertical solid red line) needed to reduce the functional range (functional richness) to half (horizontal solid black line) is indicated for each region. Model 
parameters, R2, and regression lines (dashed lines) are shown for each region.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 J

oa
n 

M
an

el
 A

lf
ar

o 
L

uc
as

 o
n 

O
ct

ob
er

 2
9,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
12

.3
7.

15
7.

23
0.



6 of 8   https://doi.org/10.1073/pnas.2403899121 pnas.org

calls for aggressive protection measures on vent habitats, one of 
the last great wildernesses on Earth ( 25 ,  56 ).  

Materials and Methods

Species and Trait Data Selection and Processing. We assembled and adapted 
taxonomic and trait data from the sFDvent database (26), a global effort to compile 
species and their biological traits for deep- sea hydrothermal vent fauna. The tax-
onomic data in sFDvent are biased by sampling intensity, as some regions have 
been visited and studied for more years than others. Thus, to address potential 
sources of bias, we excluded Foraminifera species, vagrant species that only enter 
vent habitats occasionally (63 species), and species belonging to groups usually 
considered meiofauna (i.e., copepod, nematode, mite, and ostracod species—84 
species). Sampling of these groups has been mostly limited to few vents and 
would artificially inflate uniqueness due to undersampling or underidentifica-
tion. We also added 28 species originally not included in the sFDvent database 
but reported in Desbruyères et al. 2006. The final dataset consisted of 511 taxa. 
Here, we will refer to these taxa as “species”, as we only included species yet to be 
formally named if they: i) could be linked to a taxonomist soon to identify them, 
and/or ii) were known to be distinct from other species in the sFDvent database, 
according to expert knowledge.

We selected six ordinal/categorical traits from sFDvent to characterize the 
functional strategies of vent species. The scoring of these traits was designed for 
fauna for which relatively few specimens are available and for which sampling 
is relatively difficult and expensive (26). Ordered traits were scored according 
to specialism or adaptation required. Relative Adult Mobility was coded using 
four ordered categories: nonmotile, restricted movement, partially restricted 
movement and/or slow, and unrestricted movement. Estimated Maximum Body 
Size was coded using four ordered categories representing size on a log scale: 
≤1 mm, 1.1 to 10 mm, 10.1 to 100 mm, and ≥100.1 mm. Chemosynthesis 
Obligate was coded using three ordered categories: species not exclusively 
found at chemosynthetic ecosystems, other CBE (species found at vents and 
other chemosynthesis- based ecosystems), and vent (species exclusively found 
at vent habitats). Zonation from Vent was coded using three ordered categories: 
periphery (species inhabiting vent periphery), medium (species inhabiting diffuse 
flow areas), and high (species inhabiting focused flow areas). Habitat Complexity 
Provided was coded using six categories: none, burrow forming, mat forming, 
bed forming, open bush forming, and dense bush forming. We merged three 
traits from sFDvent (Position of Symbiont, Nutritional Source and Trophic Mode) 
to derive a trait, Feeding Mode, coded as four categories: symbiotic, bacterivore, 
detritivore, and carnivore. We achieved full trait coverage for all species and traits 
by completing the sFDvent information with data from published literature and 
authors’ expertise. Our data are provided at https://github.com/DeepEcology/
Functional_Diversity_DeepSea_Vents (66).

Hydrothermal Vent Region Delineation. We analyzed the global biogeog-
raphy of deep- sea hydrothermal vents to identify coherent regions with homo-
geneous species pools. We included recently sampled regions such as the East 
Scotia Ridge in Antarctica (27), the central and SW Indian Ocean regions (29), 
and the Arctic Mohns Ridge (28, 33) which were not simultaneously considered 
in previous global analyses (1, 27, 35, 67). Species in the sFDvent database 
were assigned location information by expert contributors, but this information 
could not be used in the format provided, as locations varied in spatial resolu-
tion and scale. Thus, we assigned each location to a region, as indicated in the 
InterRidge vent database [v.3.4 (68)]. We ran a hierarchical clustering analysis 
using the Sørensen’s distance on taxonomic (presence–absence) data with the 
average- linkage approach using the hclust function in the stats R package (69). 
The same cluster analysis was repeated using the Ward’s linkage approach to 
avoid potential bias related to the linkage method (SI Appendix, Fig. S6). We then 
visually identified the number of coherent taxonomic clusters that i) separated 
at a relatively higher confidence and ii) did not overseparate clusters, inflating 
dissimilarity.

Global Functional Space of Vent Fauna. We estimated pairwise functional dis-
tances between all vent species using the Gower distance, weighting traits equally to 
ensure their equal contribution and treating ordered traits as ranks (method “metric”), 
using the func.dist function of the mFD R package (70). From there, we computed a 

Principal Coordinates Analysis (PCoA) to distribute species in a multidimensional space 
based on their functional dissimilarities and create a “global functional space” of vent 
species using the quality.fspaces function of the mFD R package (70).

Functional Convergence of Vent Regional Species Pools. To test whether 
regional species pools converge functionally, we assessed the turnover compo-
nent of the functional ß- diversity between pairs of regions, i.e., the portion of 
the functional space not shared between the compared regions (71, 72). We 
calculated the functional space of regions by estimating their convex hull vol-
umes within the global functional space, that is, the functional volumes in the 
global multidimensional functional space encapsulating all species of each 
region. We kept the first four principal axes, which produced the highest- quality 
multidimensional space as identified by the Mean Absolute Deviation (MAD) 
index using the quality.fspaces function of the mFD R package (70, 73). We then 
estimated the functional turnover between pairs of regions using the Jaccard 
dissimilarity index computed with the functional.beta.pair function of the beta-
part R package (74). Jaccard functional turnover increases, i.e., indicates more 
dissimilarity, when there is no overlap between regional functional spaces and 
decreases with increasing functional overlap between regions, independently 
of regional functional volume difference (72). The functional turnover observed 
could be driven only by the species richness differences between vent regions 
(71, 72). Thus, to test the significance of functional turnover while accounting 
for the species richness differences, we created null models that shuffled species 
between the compared regions, while maintaining observed regional species 
richness and species occurrence frequency, and compared the observed values 
to those of null expectations. This process was repeated 1,000 times in each 
comparison and the observed (Fobs) and null (Fnull) values were compared using 
the standardized effect size (SES) (75):

SES =
[

Fobs−mean
(

Fnull
)]

∕SD
(

Fnull
)

,

SES functional values were considered higher or lower than expected at random 
if greater or lower than 1.96 and - 1.96, respectively. Randomizations were per-
formed using the independent swap algorithm of the function RandomizeMatrix 
in the R package picante (76).

Functional Dispersion, Redundancy, and Functionally Unique Species of 
Vent Regions. To test whether vent environment selects for species with similar 
traits, we computed the functional redundancy, FRed, as mean number of species 
per unique trait combination for each region (19). We also computed the functional 
dispersion, FDis, as the average distance of species from the functional center of 
gravity (77), to identify regions that show higher or lower trait dissimilarity in their 
species pool. Finally, we assessed the abundance of functionally unique species 
per region by estimating the percentage of unique trait combinations represented 
by only one species (Uniq), which has been called the functional vulnerability 
index elsewhere (19). FDis was computed and scaled using the alpha.fd.multidim 
function, and FRed and Uniq were computed using the alpha.fd.fe both of the 
mFD R package (70). To test the significance of these indices while accounting for 
the potential influence of species richness across vent regions, we compared the 
observed values to those of null expectations using a null model. The null model 
randomly shuffled species across all regions while maintaining observed regional 
species richness and species occurrence frequency in the global pool. This process 
was repeated 1,000 times and observations were compared using the standardized 
effect size (SES) as described above.

Sensitivity Analyses. We assessed whether our results were influenced by 
the categories of each trait and/or the selection of which traits were included 
(19). First, we rescored some traits to include fewer categories to constrain the 
number of potential unique trait combinations. Specifically, the Chemosynthesis 
Obligate trait was rescored in two categories: species exclusively occurring at 
chemosynthesis- based ecosystems (“vent” and “other CBE” categories in the 
original classification) and species also occurring at nonchemosynthesis deep- 
sea habitats. The Habitat Complexity Provided trait was rescored in two catego-
ries: species adding complexity (“bed forming”, “burrow forming”, “dense bush 
forming”, “mat forming”, and “open bush forming” species in the original classi-
fication) and species not adding complexity. Zonation from Vent was rescored in 
two categories: species occurring at areas directly influenced by hydrothermal D
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fluids (“high” and “medium” in the original classification) and species occurring 
at peripheries. Second, we reran analyses deleting one trait each time to identify 
whether our results were overly influenced by a single trait.

Data, Materials, and Software Availability. R scripts and analyzed dataset data 
have been deposited in https://github.com (https://github.com/DeepEcology/
Functional_Diversity_DeepSea_Vents) (66).
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