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High environmental stress and productivity increase functional
diversity along a deep-sea hydrothermal vent gradient
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Abstract. Productivity and environmental stress are major drivers of multiple biodiversity
facets and faunal community structure. Little is known on their interacting effects on early
community assembly processes in the deep sea (>200 m), the largest environment on Earth.
However, at hydrothermal vents productivity correlates, at least partially, with environmental
stress. Here, we studied the colonization of rock substrata deployed along a deep-sea
hydrothermal vent gradient at four sites with and without direct influence of vent fluids at
1,700-m depth in the Lucky Strike vent field (Mid-Atlantic Ridge [MAR]). We examined in
detail the composition of faunal communities (>20 lm) established after 2 yr and evaluated
species and functional patterns. We expected the stressful hydrothermal activity to (1) limit
functional diversity and (2) filter for traits clustering functionally similar species. However, our
observations did not support our hypotheses. On the contrary, our results show that hydrothermal activity enhanced functional diversity. Moreover, despite high species diversity, environmental conditions at surrounding sites appear to filter for specific traits, thereby reducing
functional richness. In fact, diversity in ecological functions may relax the effect of competition, allowing several species to coexist in high densities in the reduced space of the highly productive vent habitats under direct fluid emissions. We suggest that the high productivity at
fluid-influenced sites supports higher functional diversity and traits that are more energetically
expensive. The presence of exclusive species and functional entities led to a high turnover
between surrounding sites. As a result, some of these sites contributed more than expected to
the total species and functional b diversities. The observed faunal overlap and energy links (exported productivity) suggest that rather than operating as separate entities, habitats with and
without influence of hydrothermal fluids may be considered as interconnected entities. Low
functional richness and environmental filtering suggest that surrounding areas, with their very
heterogeneous species and functional assemblages, may be especially vulnerable to environmental changes related to natural and anthropogenic impacts, including deep-sea mining.
Key words: colonization; community assembly; energy; environmental filtering; functional b-diversity;
species b-diversity.

INTRODUCTION
Productivity and environmental stress are major drivers of biodiversity patterns and community structure
(Chase and Leibold 2002, Chase 2010, Weiher et al.
2011). Locally, species richness is often positively correlated with primary productivity (Mittelbach et al. 2001,
Chase 2010), whereas the relationship between functional richness and productivity remains more elusive
(Lamanna et al. 2014, McClain et al. 2018). High environmental stress “filters” for suitable species traits, therefore limiting colonization and reducing species and
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functional diversity (Weiher et al. 2011, Mouillot et al.
2013, Teixid
o et al. 2018). Studies on marine shallowwater gradients (<0.5–3-m depth) have shown that stress
has negative effects on colonization, species, and functional richness, and assemblage structural and trophic
complexities (Hall-Spencer et al. 2008, Fabricius et al.
2014, Vizzini et al. 2017, Teixid
o et al. 2018). Concomitant increase in productivity may in some cases attenuate
some stress effects through higher food supply (Kroeker
et al. 2011, Garrard et al. 2014) but evidence does not
suggest so for the functional facet (Teixid
o et al. 2018).
Despite their importance, interactive effects of these drivers on the structure of communities in the deep sea
(>200 m), the largest environment on Earth, remain
poorly understood (McClain and Rex 2015, McClain
and Schlacher 2015, Ashford et al. 2018).
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The diverse communities in the relatively homogeneous and stable deep sea (Snelgrove and Smith 2002)
largely depend on the supply of organic matter produced
in shallower photosynthetically active waters (Ruhl and
Smith 2004, Ruhl et al. 2008). In this context, deep-sea
hydrothermal vents (HV) may be used as natural laboratories because they are hot spots of chemoautolithotrophic-based primary productivity and biomass
where productivity correlates, at least partially, with
environmental stress (Johnson et al. 1988, 1994,
reviewed in Le Bris et al. 2019). At HVs, oxygenated
cold seawater percolates through and reacts with the
ocean crust, forming oxygen-depleted, acidic, and toxic
vent fluids (reviewed in Le Bris et al. 2019). Their dilution with oxygenated water creates environments hosting
microbial communities that obtain their energy through
the oxidation of chemical compounds, which makes up
the trophic basis of dense faunal assemblages (Sievert
and Vetriani 2012). HV assemblages are often dominated
by large invertebrates hosting chemosymbiotic microbial
communities considered major primary producers.
These holobionts (entities formed by invertebrate hosts
and their symbiotic partners; sensu Le Bris et al. 2019)
inhabit distinct niches along environmental gradients,
forming mosaic-like patterns and acting as foundation/
engineer species (Sarrazin et al. 1997, Shank et al. 1998,
Luther et al. 2001, Govenar 2010).
Smaller invertebrates are associated with these foundation species forming dense low-diversity assemblages
compared those of the surrounding deep sea (Govenar
et al. 2005, Gollner et al. 2010, Zeppilli et al. 2015, Plum
et al. 2017). The majority of vent taxa exhibits behavioral and/or physiological adaptations to deal with environmental stress, explaining the low species diversity of
hydrothermal ecosystems (Bates et al. 2010, Govenar
2010, Gollner et al. 2015a, b, Zeppilli et al. 2018). The
stress/productivity gradients strongly structure faunal
communities, although very little is known about the
biodiversity and drivers of community structure of more
stable, less productive areas with no direct fluid influence
(Luther et al. 2001, Micheli et al. 2002, Mullineaux et al.
2003, Bates et al. 2010, Gollner et al. 2015b). Locally,
species and trophic diversities are typically low in areas
of higher fluid flux, higher in areas of lower emissions,
and even higher in more stable yet less productive adjacent environments without direct influence of vent fluid
emissions (Govenar et al. 2005, Gollner et al. 2010,
2015b, Sarrazin et al. 2015, Zeppilli et al. 2015, Sen et al.
2016, Bell et al. 2017, Plum et al. 2017). To date, however, local functional diversity patterns remain largely
unexplored in these ecosystems (but see Chapman et al.
2018, 2019). Coupling taxonomic and functional-trait–
based approaches can provide crucial insights into processes structuring faunal communities and their
responses to global environmental changes and industrial impacts (McGill et al. 2006).
The objective of the present study was to examine the
effect of different productivity/stress regimes produced
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by the influence of vent fluid emissions on the early faunal community assembly including meio- and macrofauna on a series of rock substratum blocks that were
deployed for 2 yr at four contrasting deep-sea sites, that
is, with and without vent fluid emissions. We examined
and compared the species and functional a- and b-diversities and community structure, and evaluated the use of
chemosynthetic productivity by the colonizing fauna at
the different sites. We hypothesized that (H1) functional
diversity is lower at sites with direct influence of vent fluids because of environmental constraints on basal nutritional sources (Bell et al. 2017) and species physiology
(Luther et al. 2001, Bates et al. 2010), and (H2) environment filters and clusters functionally similar species in
sites with direct influence of vent emissions, reducing
colonization to well-adapted species owning traits that
are resilient to stress (Teixid
o et al. 2018).
MATERIALS AND METHODS
Study area, experimental setup, and sample processing
We deployed size-standardized slate blocks (10 cm3)
for 2 yr at four different “sites” characterized by a
decreasing level of hydrothermal activity, hereafter
referred to as the “active,” “intermediate,” “periphery,”
and “far” sites along and nearby the hydrothermally
active Eiffel Tower (ET) edifice (Lucky Strike vent field,
~1,700-m depth, Mid-Atlantic Ridge; Table 1 and
Fig. 1). Based on previous pilot studies, slate blocks
were chosen for their basalt-like, smooth, and inert surface (Cuvelier et al. 2014, Zeppilli et al. 2015, Plum et al.
2017). Located on the northwest side of the ET, the
active site shows the most vigorous activity, with the
presence of microbial mats and a high-temperature
chimney within the vicinity (few centimeters) of the
deployed substrata. The intermediate site is located further down on the western side of the edifice, in an area
of visible diffuse flow. The active and intermediate sites
are colonized by dense assemblages of the foundation
species Bathymodiolus azoricus. The periphery site is a
poorly sedimented area with no visible hydrothermal
activity located between the ET (~50 m) and Montsegur
edifices (~85 m). Finally, the far site is situated on a
basaltic seabed with no visible hydrothermal activity on
the west side of the Lucky Strike lava lake, at ~90, ~120,
and ~470 m away from the Helen, Pico and ET active
edifices, respectively (Table 1 and Fig. 1).
Slate blocks were deployed during the MoMARSAT
20135 cruise on board the R/V Pourquoi pas?, using the
ROV Victor6000. Three blocks were deployed at each of
the four sites. Temperature was recorded for 9 months
every 15 min using autonomous NKE ST 6000 temperature probe attached to wood blocks from a parallel
experiment running at each site (Table 1). The physicochemical environment, characterized by temperature,
5
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TABLE 1. Distance of the substrata in relation to nearest active vent sites and temperature values registered at the four study sites.
Closest active
vent (m)

Site
Active
Intermediate
Periphery
Far

Mean  SD temperature

Minimum temperature

Maximum temperature

Temperature
range

HVF
(%)

pH






4.69
4.53
4.38
4.32

21.6
12.2
4.87
4.77

16.91
7.67
0.49
0.44

1.11
0.44
0.07
0.05

6.15
6.7
7.27
7.31

0
0
~50
~90

7.93
5.79
4.62
4.55

2.13
0.77
0.07
0.07

Notes: Hydrothermal vent fluid input (HVF) and pH were derived from the formulas provided by Sarradin et al. (2009) (see
Appendix S1 for details). All temperatures are in degrees Celsius.

hydrothermal vent fluid flux (HVF), and pH showed significant intersite differences, confirming expected contrasts in physical and chemical conditions between our
sites (Table 1; see further details in Appendix S1). All
substrata were recovered by Victor6000, during the
MoMARSAT 2015 cruise,6 2 yr after their deployment.
Upon recovery, each slate block was placed in an individual isotherm sampling box. Once on board, they were
carefully washed with filtered seawater and sieved
through 300- and 20-lm meshes. The 20-lm samples
were preserved in 4% seawater-buffered formalin and
300-lm samples were preserved either in 96% ethanol
(two slate blocks from each site) or in 4% seawater-buffered formalin (the third slate block of each site) for further examination in the laboratory. Once in the
laboratory, sieved samples were sorted manually under a
stereo microscope and all taxa were counted and identified to the lowest taxonomic level possible. Larvae and
individuals without heads were discarded and not considered further. Because of the high abundance of organisms, the 20-lm samples were transferred to 200-ml
beakers and three subsamples of 5 ml each were taken
from the original volumes and stained with phloxine following Plum et al. (2017). For each subsample, a maximum of 100 randomly collected individuals of each
taxonomic group were mounted on slides and identified
to the lowest taxonomical level possible. Prior to mounting, nematodes underwent a formalin–ethanol–glycerol
treatment to prevent dehydration (see Zeppilli et al.
2015). The average number of species individuals per
subsample was extrapolated to the original sample volume to estimate the total abundance of species (Plum
et al. 2017) and summed to the 300-lm sample abundances.
Taxonomical and functional biodiversity indices
Bathymodiolus azoricus is the main foundation species
of the Lucky Strike vent field and of the ET, forming
dense mussel-bed habitats (Desbruyeres et al. 2001).
Because its inclusion would certainly drive the main
trends in biodiversity metrics, we excluded it from our
analyses. We evaluated faunal sampling effort with sample-based species accumulation curves. We estimated the
taxonomic diversity as the total (STotal) and mean species
6
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richness (S), mean abundance (N), the mean expected
species richness in a 158-individual sample (ES(158),
which corresponds to the minimum abundance found in
a single rock block), the mean Simpson’s inverse index
(1-D) and the mean Pielou’sevenness index (J0 ) per site.
We analyzed three functional response traits that are
related to productivity and stress. They include “adult
mobility” (hereafter “mobility”), “maximum adult body
size” (hereafter “size”), and “feeding mechanism” (see
trait definitions, modalities, references, and data sets in
Appendix S2). Traits were obtained from direct measurements and/or literature, including the sFDVent database (Chapman et al. 2019). We estimated the total
(FRicTotal) and mean functional richness (FRic) per site
as the percentage of functional volume at each site
derived from a multidimensional functional space
(Mouchet et al. 2010). This space was constructed using
synthetic components of a principal coordinate analysis
(PCoA) encapsulating the variation of functional entities, that is, the unique trait combinations, of fauna at
each site. The functional entity coordinates on the first
five PCoA axes (95.5% of variance) were used to estimate FRicTotal and FRic. We also calculated the total
(FETotal) and mean number of functional entities (FE),
the mean expected functional entities in a 158-individuals sample (EFE(158)), mean Rao’s quadratic entropy
(RaoQ), used to measure functional diversity (BottaDuk
at 2005), and the mean functional evenness (FEve)
at each site.
Null models were run to test if the influence of
stressful vent fluids in active and intermediate sites filtered for certain traits, and therefore contribute to
reduce functional richness (FRic) more than expected
by chance. Null models were run 4,999 times for each
site to generate 95% confidence intervals of expected
FRic values if no forces were constraining assemblages,
that is, a random sorting of species, maintaining the
observed number of species per site. We compared
these confidence intervals with observed FRic values.
Observed FRic values do not deviate from null expectations if they fell within confidence intervals. Lower
observed FRic than expected by chance typically arise
under environmental filtering (Chase 2010, Weiher
et al. 2011, Teixid
o et al. 2018) because the environment “selects” for well-adapted species and thus “filters” for certain traits reducing FRic more than what
it would be expected by chance.

Article e03144; page 4

J. M. ALFARO-LUCAS ET AL.

Ecology, Vol. 101, No. 11

FIG. 1. The southeast region of the Lucky Strike vent field located at 1,700 m depth on the Mid-Atlantic Ridge, south of the
Azores. (A) Locations of the four deployment sites (red stars) and surrounding main active hydrothermal edifices (black squares).
Note that the far site is located further west, in the fossil lava lake. Colonized substratum blocks at (B) active, (C) intermediate, (D)
periphery, and (E) far sites. Also, visible in the photos are the other types of substratum used in parallel experiments.

To estimate the total taxonomic and functional b-diversities (sBDTotal and fBDTotal) and the mechanisms
driving overall b-diversity, we estimated the total variance of the presence–absence species-by-site and FEsby-site tables using the Jaccard dissimilarity coefficient
(Legendre and De Caceres 2013, Legendre 2014).

BDTotal computed from Jaccard dissimilarity coefficient
reaches its maximum value (1) when all sites exhibit
totally different species compositions (Legendre and
De C
aceres 2013). BDTotal was decomposed into species turnover and nestedness to assess the mechanisms
generating b-diversity (Baselga 2010, Legendre 2014).
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The degree of uniqueness of each site in terms of species and FE composition was estimated by the local
contribution to b-diversity (LCBD) indices (Legendre
and De Caceres 2013). LCBD indices were tested for
significance using random permutations assuming the
null hypothesis that species and FEs were randomly
distributed among sites. Furthermore, to estimate the
dissimilarity between each site and the processes driving dissimilarities, b-diversity between each pair of
sites (D) was estimated and decomposed into turnover
and nestedness.
Analyses of species and functional community structure
We ran distance-based redundancy analyses (dbRDA) of Hellinger-transformed species abundances and
abundance-weighted FEs constrained by a “site” factor
(see Appendix S1 for details) to test if species assemblages and FEs, respectively, were differently structured
by the conditions of each site. Additionally, we performed multiple factor analyses (MFAs), that is, symmetric correlative analyses, to visualize and compare the
taxonomic and FE structures of assemblages and to
characterize species and FE associations with sites. We
used the RV coefficient, which measures the relatedness
of two data sets derived from separate ordinations
(Robert and Escoufier 1976), to assess the correlation of
the taxonomic and functional community structure and
tested significances using permutations (Josse et al.
2008). The RV coefficient ranges from 0 (no correlation
between data sets) to 1.
Isotope analyses
The d13C, d15N, and d34S of 19 taxa were analyzed
(see Appendix S3 for details). Results were qualitatively
compared to values considered representative of different biogeochemical reactions. They included multiple
chemosynthetic pathways such as methane oxidation
(d13C ranging from 15& to 10&), reductive tricarboxylic acid (rTCA) cycle-based sulfide oxidation
(d13C = 12.9  3.4&), and Calvin–Benson–Bassham
(CBB) cycle-based sulfide oxidation (d13C ranging from
36& to 30&; Portail et al. 2018 and references
therein). d15N can reflect two large inorganic sources
with very different isotopic compositions in chemosynthetic environments, that is, nitrates (d15N = 5–7&) and
ammonium (d15N < 0&; Lee and Childress 1996). In
contrast, photosynthetic-derived organic matter shows
d13C values ranging from 24 to 22& and d15N values
from 4 to 6& in the study area (Portail et al. 2018).
Finally, values of d34S between ~16& and 19& were
considered representative of organic matter of photosynthetic origin, whereas values around and below 10&
were considered of chemosynthetic origin (Reid et al.
2013). Because of the low number of samples (n = 1),
the periphery site was excluded from all isotopic statistical analyses.
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Statistical analyses
All indices and statistical tests were computed in R v.
3.5.3 (R Development Core Team 2019). Taxonomic
indices were computed using the package vegan (Oksanen et al. 2019). Functional indices, null models, and
Fig. 2 were computed using a modified version of the
script provided by Teixid
o et al. (2018) and the dbFD
function in the FD package (Laliberte and Legendre
2010). Differences in mean taxonomic and functional
metrics, as well as stable isotope ratios, were tested using
ANOVAs or Kruskal–Wallis tests. Assumptions of normality and homogeneity of variances were tested using
Shapiro–Wilk and Bartlett tests, respectively. Intersite
post hoc comparisons were performed using Tukey honest significant difference tests or Dunn’s test of multiple
comparisons using rank-sum tests. b-diversity analyses
and LCBD indices were calculated using the beta.div
and beta.div.com functions in the adespatial package
(Dray et al. 2019). db-RDAs were run with the capscale
function in vegan after check for multivariate homogeneity of variances with the betadisper function coupled
with permutations tests. MFAs and RV coefficients were
computed using the FactoMineR package (L^e et al.
2008). Results
Taxonomic and functional biodiversity metrics
We identified 9,401 specimens of 78 species/morphotypes belonging to eight phyla (Appendix S4: Table S1),
which exceeds the most extensive studies undertaken at
the Lucky Strike vent field and the ET edifice to date
(Van Dover and Trask 2000, Cuvelier et al. 2014, Sarrazin et al. 2015, Zeppilli et al. 2015, Plum et al. 2017,
Baldrighi et al. 2018). This suggests that the colonizing
experiment appears to be appropriate to address our
goals, although species accumulation curves indicated
that additional species are still to be found in all sites
(Appendix S4: Fig. S1). Nine species (~12% of the total
species found) were found at all sites (Appendix S5:
Fig. S2).
Statistical comparisons of diversity indexes are
showed in Appendix S4: Table S2. Total species richness
(STotal) was lower in the periphery site (Table 2 and
Fig. 2A). In fact, mean species richness (S) and abundance (N; Table 2) were lower in the periphery site compared to the active (P = 0.01 and 0.002, respectively)
and intermediate (P = 0.01 and 0.04, respectively) sites.
The far site was also less abundant than the active site
(P = 0.04). Rarefied species richness (ES(158)), Simpson’s
index (1  D) and evenness (J0 ) did not show significant
differences, although they tend to increase from the
active to the far sites (Table 2).
The 78 species/morphotypes represented 25 functional
entities (FE) in total, of which 8 (32% of the total) were
found in all sites (Appendix S2: Fig. S1). Total functional richness (FRicTotal) and number of functional
entities (FETotal) were higher in active and intermediate
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FIG. 2. (A) Percentage of total species (STotal), functional entities (FETotal), and richness (FRicTotal) per site. (B) Functional richness represented as the area in a twodimensional PCA space. Translucent colors are used to allow the visualization of functional
space overlap and distribution of functional entities. (C) Null model of functional richness (FRic) among sites. Points are the
observed values of FRic and bars represent the 95% confidence interval of expected values generated by simulating random species
sorting from the total pool of functional entities (n = 25 FE), based on the observed number of species at each site.

sites (Fig. 2A,B, Table 2). Notably, despite FRicTotal differences, functional spaces visualization revealed that all
sites harbor unique FE (see imperfect overlap of functional spaces in Fig. 2B). Mean functional richness
(FRic) was significantly higher in the active and intermediate sites than in the periphery (P = 0.0002 and 0.001,
respectively) and far sites (P = 0.0006 and 0.004, respectively; Table 2; Appendix S4: Table S2). Mean functional
entities (FE) were significantly higher in the active and
intermediate sites than in the periphery (P = 0.0001 and
0.00006, respectively) and far sites (P = 0.001 and 0.006,
respectively; Table 2; Appendix S4: Table S2). The

number of rarefied functional entities (EFE(158)) were
higher in the intermediate site than in the periphery and
far sites (P = 0.01 and 0.03, respectively; Table 2,
Appendix S4: Table S2). Functional quadratic entropy
(RaoQ) was higher in the active, intermediate and
periphery sites than in the far site (P = 0.006, 0.001 and
0.03, respectively), and higher in the intermediate site
than in the periphery site (P = 0.03; Table 2;
Appendix S4: Table S2). Functional evenness (FEve)
was lower in the active site compared to the periphery
site (P = 0.025; Table 2, Appendix S4: Table S2). Null
models revealed that the observed FRic at the far site
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TABLE 2. Species and functional a- and b-diversity indices at the four study sites.

Species a-diversity

Functional a-diversity

Species b-diversity
Functional b-diversity

Index

Active

Intermediate

Periphery

Far

STotal
S
N
ES(158)
1D
J0
FRicTotal
FRic
FETotal
FE
EFE(158)
RaoQ
FEve
LCsBD
LCfBD

45
31.67  3.51
11,607.24  1,754.47
13.77  4.04
0.66  0.23
0.48  0.16
50.66
37.12  3.45
18
15.33  0.58
8.65  1.36
0.045  0.02
0.21  0.05
0.21 (P = 1)
0.2 (P = 1)

42
31  3.61
6,328.36  2702.65
15.52  1.11
0.78  0.05
0.58  0.05
41.09
29.46  8.45
19
16  1
10.49  0.57
0.058  0.007
0.31  0.04
0.23 (P = 1)
0.18 (P = 1)

21
11  0
160.78  4.62
10.9  0.15
0.71  0.03
0.63  0.04
21.23
2.17  1.47
11
7.67  0.58
7.6  0.63
0.023  0.005
0.37  0.07
0.29 (P = 0.04)
0.26 (P = 1)

42
22.67  2.1
573.04  265.27
15.98  1.47
0.85  0.07
0.73  0.11
28.48
7.16  5.38
16
10  1.73
8.02  0.65
0.012  0.002
0.24  0.05
0.28 (P = 0.15)
0.35 (P = 0.03)

Notes: Higher values are highlighted in bold. STotal = total species richness; S = mean species richness; N = mean abundance;
ES(158) = rarefied species richness to 158 individuals. 1D = Simpson’s diversity index; J0 = Pielou’s evenness index; FRicTotal = total functional richness; FRic = mean functional richness; FETotal = total functional entities; FE = mean functional entities; EFE
(158) = rarefied functional entities to 158 individuals; RaoQ = Rao’s quadratic entropy index; FEve = functional evenness; LC(s/f)
BD = local contribution to (species/functional) b-diversity. P = adjusted P value. Highest values are highlighted in bold.

was lower than expected by chance, whereas FRic values
at other sites fell within the expected values (Fig. 2C).
Total species b-diversity was higher than functional bdiversity (sBDTotal = 0.34 and fBDTotal = 0.23, respectively) and both were mainly driven by turnover (0.29
and 0.16, i.e., 84 and 69%, respectively; Table 2). Nestedness nevertheless contributed roughly two times more to
fBDTotal (0.07, i.e., 31%) than to sBDTotal (0.05, i.e.,
16%). The periphery and the far sites were the most dissimilar sites, the former contributing significantly more
to sBDTotal than the other sites (LCsBD = 0.29,
P = 0.04) and the latter to the fBDTotal (LCfBD = 0.35,
P = 0.03) (Table 2). Pairwise comparisons of sites
revealed low species and functional b-diversity dissimilarity (D) between the active and intermediate sites,
which was mainly driven by turnover (Appendix S5:
Table S1 and Appendix S5: Fig. S1). Unexpectedly, the
periphery and far sites were as dissimilar, or in some
cases more dissimilar to each other than they were to the
active and the intermediate sites.
Species and functional community structure
Taxonomic groups and functional traits were unevenly
distributed among sites (Fig. 3A,B) highlighting deep
structural differences among sites. Copepods largely
dominated the periphery and far sites, and nematodes
dominated the active and intermediate sites. Largest
sizes (>15 mm) were exclusively found in active and
intermediate sites and predator abundance increased
from the far to the active site. Supporting these observations, the dbRDA models with “sites” as a predictor
variable explained 72.53 and 78.91% of the total variance in species and functional entities assemblage structures, respectively (P = 0.001 in both models). These

results were well illustrated in the MFA ordinations,
which showed that different taxa and FEs characterized
each site. Both species and functional entities were similarly structured in the four groups (Fig. 4A) and the RV
coefficient (the relatedness of the two data sets derived
from separate ordinations) between them was 0.93
(P = 0.01), further supporting this observation. The first
axis of the global PCA (54.55% of the global variance)
separated active and intermediate colonizing blocks
from the periphery and far-site blocks (Fig. 4A). The
second axis (18.32% of the global variance) further separated the periphery and far-site blocks, and the activesite blocks from the intermediate-site blocks. The species
and functional entities contributing the most to the ordination of blocks in the first three axes of the global PCA
are shown in Fig. 4B.
Stable isotopes
Mean d C values ranged from 34.57& for the copepod Smacigastes micheli at the active site to 17.39&
for the polychaete Lepidonotopodium sp. at the far site
(Appendix S3: Table S1). Mean d15N values ranged from
7.05& for the polychaete Branchipolynoe seepensis at
the active site to 9.89& for Lepidonotopodium sp. at the
far site. Mean d34S values ranged from 2.65& in B. seepensis at the active site to 14.03& in Lepidonotopodium
sp. at the far site. Active and intermediate sites did not
show any differences in mean d13C, d15N and d34S values
(Appendix S3: Fig. S1). Compared with active and intermediate sites, the far site had a significantly less negative
mean d13C (P = 0.004 and 0.03, respectively), higher
mean d15N (only compared to the intermediate site,
P = 0.003), and higher mean d34S (P = 23e05 and
11e05, respectively) (Appendix S3: Fig. S1). Notably,
13
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FIG. 3. Proportion of taxonomic groups (A) and trait categories (B) at the four study sites.

the gastropods Pseudorimula midatlantica and Lepetodrilus atlanticus, the annelids Ophryotrocha fabriae, Glycera tesselata, and Amphisamytha lutzi, and Nemertea sp.,
shared between active and intermediate sites, showed differences in d13C, d15N, and d34S (Appendix S3: Table S1
and Fig. 1). This could be caused by intersite differences
in isotopic composition of food items, feeding plasticity
in those species, or both. The only available sample of the
periphery site belonged to the amphipod Liljeborgidae sp.
and its isotopic values were similar to those species analyzed at the far site (Appendix S3: Fig. S1).
DISCUSSION
It is well known that increases in hydrothermal activity decrease local species diversity in deep-sea vents

(Sarrazin et al. 2015, Gollner et al. 2015b) but its role on
the functional diversity has remained unclear. Our
results showed that despite the strong environmental
stress, faunal assemblages colonizing substrata under
high hydrothermal influence were functionally more
diverse than assemblages in more stable surrounding
areas without direct influence of vent emissions. The
opposite trend has been observed in shallow-water
hydrothermal vents (<0.5–3-m depth, Teixid
o et al.
2018). Deep-sea vents are not only hotspots of primary
production, but also of evolutionary novelties, thereby
differing from their shallower counterparts, which have a
very low degree of unique, well-adapted species (Tarasov
et al. 2005). We suggest that concomitant productivity
increases with stress can lead to the presence of not only
well-adapted but functionally diverse assemblages in a
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FIG. 4. Multiple factor analysis (MFA) of species and functional entities. (A) Individual factor map showing substrata positions
for species and functional entities partial principal coordinate analysis (PCA), and the global PCA along the first and second axes.
(B) Correlation circle highlighting the main taxa/functional entities contributing to the ordination of sites along the first and second
axes. 1 = Ameiridae sp. 3, 2 = Chromadorita sp., 3 = Microlaimus sp., 4 = Ophryotrocha fabriae, 5 = Amphisamytha lutzi,
6 = Cephalochaetosoma sp., 7 = Oncholaimus dyvae, 8 = Smacigastes micheli, 9 = Paracanthonchus sp., 10 = Ameiridae sp. 4
,11 = Ameiridae sp. 1, 12 = Mesochra sp., 13 = cf. Kelleriidae sp., 14 = Ameiridae sp. 3, 15 = Thomontocypris excussa. Mobility:
S = slow, FC = facultative, F = fast. Size: 0 = 0.02 to <0.3 mm, 1 = 0.3 to <1 mm, 2 = 1 to <5 mm, 3 = 5 to <10 mm, 4 = 10 to
<15 mm, 5 = 15 to <20 mm, 6 = >20 mm. Feeding: P = predator, DF = deposit feeder, G = grazer. Copepod and annelid silhouettes were freely downloaded from PhyloPic under Public Domain Dedication 1.0 License.

context of poorly energy availability such as the deep
sea. High functional diversity, that is, more distinct ecological functions among taxa, could lower interspecific
competition, and facilitate species coexistence in high
densities, in the spatially restricted diffusive flow vent
areas, which strikingly contrasts with faunal patterns of
the majority of the deep sea.
High functional diversity may reflect high ecosystem
functioning and is usually associated with higher resilience of functions to perturbations (Cardinale et al.
2012). Moreover, null models revealed that functional
richness was only lower than expected by chance at the
far site (~90 m away of hydrothermal fluid influence),
suggesting strong trait convergence, which are patterns
usually associated with environmental filtering (Chase
2010, Weiher et al. 2011, Teixid
o et al. 2018). Under certain circumstances, competition may nonetheless also
lead to species trait convergence (Mayfield and Levine
2010) and we did not undertake phylogenetic analyses to
support trait patterns. Nevertheless, our results are concordant with recent studies in deep-sea oligotrophic systems that have shown that peracarid, nematode, and
octocoral assemblages are also structured by environmental filtering (Quattrini et al. 2017, Ashford et al. 2018,
Macheriotou et al. 2020). Assemblages structured by
environmental filtering are typically considered more sensitive to disturbances than those structured by neutral

processes and interspecific interactions (Didham et al.
2005, Ashford et al. 2018). Although more research is
needed, low food availability could act as strong filter that
locally limits colonization to species that are adapted to
low-energetic regimes (Chase 2010). These results provide
support to previous studies that have observed slower
recovery on vent peripheral areas and have suggested that
these assemblages may be especially vulnerable to environmental disturbances (Gollner et al. 2015a).
b-diversity analyses shed light on the observed differences in species and functional community structure.
Species and FE assemblage dissimilarities were mainly
driven by turnover indicating a substitution of species
and FEs between sites. Local contributions of sites to bdiversity indices identified the periphery and far sites as
contributing more than expected by chance to total species and functional b-diversity, respectively. In fact, the
periphery and far sites were as dissimilar, or even more
dissimilar to each other, than they were to the active and
intermediate sites, highlighting the high species (Gollner
et al. 2015a b) and functional heterogeneity of assemblages at deep-sea habitats away from hydrothermal
influence. The lower species and functional dissimilarities between the active and intermediate sites highlight
the role of stressful vent fluids as homogenizing forces
(Luther et al. 2001, Sarrazin et al. 2015). However, some
taxa found at sites with hydrothermal fluid influence
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were also commonly found at the periphery and far sites
including the gastropod Lurifax vitreus, the polychaete
Glycera tesselata, the amphipod Luckia striki, the ostracod Thomontocypris excussa, and the copepod Hepterina
confusa, among others. This lack of specificity in some
taxa may explain the relatively low total species (sBDTotal)
and functional b-diversity (fBDTotal) observed (0.34 and
0.23, respectively). Despite the prevalence of turnover,
nestedness was about twice as important in functional bdiversity. This indicates the loss of some functions from
the active and intermediate to the periphery and far sites.
Indeed, the largest-sized species (>15 mm) were only
found at active and intermediate sites, whereas very
small sizes characterized the sites without hydrothermal
influence. Large size may be advantageous in the vent
environment, because it may help increase the animal’s
physiological tolerance to cope with a rapidly changing
environment (see Vanreusel et al. 2010, Gollner et al.
2015b and references therein). Size, however, also represents a direct link with energy (McGill et al. 2006), as
does predation. Stable isotope analyses suggested a
strong reliance on in situ chemosynthetic primary productivity of fauna from the active and intermediate sites,
and the abundance of predator species strongly
decreased from the active to the far sites. In agreement
with food-web theory (Post 2002), these patterns
strongly suggest that vent primary productivity sustains
complex trophic assemblages with multiple trophic levels
(Govenar 2012), and support the observed positive productivity–functional diversity relationship.
In the context of potential mining of vent systems
(Van Dover et al. 2018, Van Dover 2019), our results
strongly advocate precautionary measures. Rather than
separate entities, areas with and without vent fluid influence should be considered as a continuum of biologically
and trophic interconnected assemblages. Values of d34S
around 16& and 19& are generally considered as representatives of organic matter of photosynthetic origin,
whereas values around and below 10& are considered of
chemosynthetic origin (Erickson et al. 2009, Reid et al.
2013). d34S values of species at far sites varied between
11& and 14&. Thus, vent primary chemosynthetic production is exported at least as far as ~90 m in the Lucky
Strike vent field. This energy may be used by taxa exclusively found at these sites, establishing spatial subsidies
that may extent the vent’s “sphere of influence” (sensu
Levin et al. 2016) far from areas under direct vent fluid
influence (Reid et al. 2013, Bell et al. 2017, Ardyna et al.
2019, Le Bris et al. 2019). Much effort has been invested
in raising awareness on the largely under-sampled and
poorly studied inactive sulfide deposits, the main mining
industry target (Van Dover 2019). Insights of this study,
however, strongly suggest that historically overlooked
heterogeneous adjacent vent areas as close as <100 m
harbor diverse assemblages with unique species and
functional entities that may be affected by environmental changes such as those produced by anthropogenic
activities (Van Dover et al. 2018).
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