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Abstract. In the vicinity of hydrothermal vent fields, unique habitats are observed that are influenced by hy-
drothermal fluids. Benthic foraminifera can be part of the communities found around these hydrothermal vent
fields. They can form suitable indicators for different marine environmental conditions because their tests are
often well preserved in the sediments. In this work, living (rose-bengal-stained) and dead benthic foraminifera
from six sediment core tops were investigated with increasing distance from the Rainbow hydrothermal vent field
at the Mid-Atlantic Ridge. The proximal-to-distal transect was sampled starting at ~ 200 m distance from the
active vents and followed the vent plume for ~ 41 km. The biodiversity and abundance of benthic foraminifera
tended to increase with distance from the Rainbow hydrothermal vent field, and there was a significant differ-
ence between the living and dead assemblage. The Shannon—Wiener diversity was lower at 0.2—1 km distance
from the vent field with 2.3 (living) and 2.8 (dead) and showed higher constant values of 3.0 to 3.3 (living)
and ~ 3.6 (dead) from a distance of ~2km onwards. The population density of living benthic foraminifera
showed a similar pattern to the biodiversity, while the density of empty foraminiferal tests was subject to strong
fluctuations. Differences in the species composition between live and dead assemblages indicate environmen-
tal fluctuations, which could be triggered by seasonal nutrient pulses or brief contacts of the vent plume with
the sediment. Species composition changed with distance from the black smokers. While miliolids dominated
sediments closer to the vent field, hyaline perforate and agglutinated species constituted the major parts of the
assemblages at greater distances. Thus, miliolids may be better adapted to the environment potentially influenced
by hydrothermal vent fluids than the hyaline and agglutinated species. Specifically, miliolids seem to tolerate el-
evated porewater concentrations of copper, cobalt, and zinc and are possibly influenced by intrusions of acidic
hydrothermal fluids. This result is in contrast to studies from other venting sites with acidic fluids, where aggluti-
nated species dominate. High biodiversity and abundances of benthic foraminifera suggest that a diverse benthic
ecosystem occurs below the distal Rainbow vent plume.
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1 Introduction

Hydrothermal vent fields form unique habitats in the deep
ocean (Gooday and Rathburn, 1999; Wirth, 2016; Bernhard
et al., 2023). In such hydrothermal environments, chemoau-
totrophic microbes are often the main primary producers
(Jannasch and Mottl, 1985; Zierenberg et al., 2000) that en-
able the growth of dense populations of organisms, such
as tube worms and clams (Hashimoto et al., 2001; Gollner
et al., 2007; Wirth, 2016; Bernhard et al., 2023), by living
in symbiosis (Wirth, 2016; e.g. Okada et al., 2019). Some
species are endemic to hydrothermal venting areas (Gollner
et al.,, 2010; Okada et al., 2019), such as the foraminifer
Abyssotherma pacifica (Bronnimann et al., 1989). Gener-
ally, deep-water benthic foraminifera are test-bearing het-
erotrophic protists that belong to the supergroup Rhizaria
and inhabit large parts of the seafloor (Haq and Boersma,
1978). They can be part of hydrothermal communities (e.g.
Molina-Cruz and Ayala-Lépez, 1988; Van Dover et al.,
1988; Bronnimann et al., 1989; Ayala-Lépez and Molina-
Cruz, 1994; Jonasson et al., 1995; Panieri, 2006). Benthic
foraminifera are potentially useful indicators of marine en-
vironmental conditions, as their abundance and biodiver-
sity are determined by food input, presence of oxygen, and
hydro-sedimentary processes (Jorissen et al., 2007). They
are distinguished by their test type. Agglutinated benthic
foraminifera form their tests by cementing sediment parti-
cles, whereas calcifying foraminifera are divided into hyaline
perforate (Class Globothalamea) and miliolid (Class Tuboth-
alamea) forms. The difference is based on the different for-
mation and arrangement of their calcium carbonate (CaCO3)
crystals. Furthermore, some species of benthic foraminifera
have an organic-walled test (Order Allogromiida). Gooday
et al. (2013) described organic-walled foraminiferal species
that inhabit empty tests of planktic foraminifera, based on
sediment samples from the Mid-Atlantic Ridge, where they
made an important contribution to the benthic foraminiferal
assemblage.

Hydrothermal vents are associated with geothermal activ-
ity at submarine fissures where seawater is heated due to a
steep thermal gradient and reacts with the surrounding rocks
whereby metals and other elements are leached (Douville et
al., 2002; German and Von Damm, 2003; Wirth, 2016). The
elements in the emitted vent fluids may precipitate on the
seafloor upon contact with the cold ocean bottom waters, in
association with sulfides or iron oxy-hydroxides (Feely et al.,
1991; Cave et al., 2002; Wirth, 2016). Hydrothermal fluids
typically generate a plume that can extend for hundreds to
thousands of kilometres (Resing et al., 2015; Wirth, 2016).
Most of the sulfide minerals and parts of the metal oxides
settle to the seafloor within the first few hundred metres from
the vent. Smaller metal oxides and various elements that re-
main soluble upon mixing of the hydrothermal fluid and sea-
water are carried in the plume and may gradually sink over
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Figure 1. A schematic representation of a black smoker showing
seawater penetrating cracks in the mid-ocean ridge basalts. The sea-
water is thereafter heated by a steep geothermal gradient and thus
reacts with the surrounding rocks, leaching metals and other ele-
ments. Upon venting back to the ocean, the hot hydrothermal fluids
initially rise by 200400 m above the vent depth due to their low
density; at this point they cool and mix with enough seawater to
obtain neutral buoyancy and continue to flow horizontally. Cool-
ing of the hydrothermal fluid and interactions between the reduced
hydrothermal fluid and oxidised seawater lead to precipitation of
sulfide minerals and metal oxides.

time. Figure 1 shows a schematic representation of a black
smoker with the terms mentioned.

A recent study investigating microbial communities in the
water column at the Rainbow hydrothermal vent field showed
that, when the vent plume was in direct contact with the
sediment during vertical tidal migration, short-lived episodic
community changes occurred (Haalboom et al., 2020). Haal-
boom et al. (2020) concluded that an increased export of mi-
crobial biomass from vent plumes may have an impact on
other marine systems that are hospitable to chemolithoau-
totrophs.

In this study, the influences of hydrothermal activity on the
biodiversity and abundance of benthic foraminifera were in-
vestigated by comparing the distribution of living and dead
foraminiferal assemblages along a proximal-to-distal tran-
sect starting at a distance of ~200m to the Rainbow hy-
drothermal vent field. The transect followed the hydrother-
mal vent plume for ~ 41 km. The foraminiferal assemblages
were compared to nitrate, phosphate, and trace-metal con-
centrations in porewaters to investigate correlations between
abundance, biodiversity, and porewater geochemistry. In ad-
dition, the work investigated whether there are foraminiferal
indicator species for hydrothermal activity.
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2 Material and methods

2.1 Study site

The Rainbow hydrothermal vent field is located in the North
Atlantic Ocean at 36°13.80' N and 33°54.14' W (Fig. 2). It
was discovered by German et al. (1996), and several studies
have been conducted on the composition of the hydrother-
mal fluid and sediment related to the settling of particulate
material (Cave et al., 2002; Edmonds and German, 2004;
Haalboom et al., 2020). This vent field consists of 10 to
15 active black smokers located at ~ 2300 m water depth
(Seyfried et al., 2011). They are found on the western flank
of a non-volcanic ridge at an offset between the South Alvin
Mid-Atlantic Ridge (SAMAR) and Alvin Mid-Atlantic Ridge
(AMAR) segments (Douville et al., 2002; Seyfried et al.,
2011). The hydrothermal vent plume rises up to 300 m above
the seafloor and tracks a canyon for 50 km, controlled by the
local hydrodynamic regime and topography (Thurnherr and
Richards, 2001; Thurnherr et al., 2002; Severmann et al.,
2004 in Haalboom et al., 2020). The sampled proximal-to-
distal transect begins at a distance of ~ 200 m from the black
smokers and follows the vent plume in a northeasterly direc-
tion for ~41km. The host rocks of the Rainbow hydrother-
mal vent field have an ultramafic composition with discharg-
ing hydrothermal fluids containing large amounts of hydro-
gen (H») gas and iron (Fe), a moderate amount of methane
(CHy), and a depleted hydrogen sulfide (H>S) content rela-
tive to other vent systems (Charlou et al., 2002; Seyfried et
al., 2011; Zielinski et al., 2011; Haalboom et al., 2020). At
the mouth of the hydrothermal vent chimneys, the fluids can
reach temperatures of ~ 365 °C and have a pH of ~ 2.8 (Dou-
ville et al., 2002; Seyfried et al., 2011). The metals, including
Fe and copper (Cu), precipitate from the fluid (Cave et al.,
2002; Haalboom et al., 2020). The calcite saturation depth in
the study area is slightly deeper than 4000 m, whereas the
aragonite saturation depth lies at ~2500m (Chung et al.,
2003). The sediment in the study area is carbonate-rich and
contains mainly planktic foraminifera tests in the > 125 um
fraction.

2.2 Sampling

The samples were collected during the RV Meteor cruise
M176/2 to the Rainbow non-buoyant hydrothermal plume as
part of a GEOTRACES-compliant study (Fig. 2). Multiple
sediment cores were collected along a transect using a multi-
corer with a diameter of 10 cm (GEOMAR Helmholz Cen-
tre for Ocean Research Kiel). The multi-corer was equipped
with a camera, and video observations were recorded. In this
study, the uppermost 1 cm of one sediment core at each sta-
tion was examined. The sampling transect included six sta-
tions with distances from the hydrothermal vent field ranging
from 0.2-42 km and water depths between 2180 and 2508 m
(Figs. 2 and 3). The vent plume was observed between 1900
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and 2200 m depth. Sometimes the Rainbow vent plume may
have had direct contact with the sediment due to vertical tidal
migration (Haalboom et al., 2020).

2.3 Laboratory analyses

After sediment retrieval with the multi-corer, the samples
were preserved in ethanol by adding a solution of rose ben-
gal in ethanol (2gL~!) to the sediment sample. The fi-
nal concentration of ethanol in the preserved samples was
~70 % (Schonfeld et al., 2012). Rose bengal stains organic
material in a magenta colour by reacting with proteins in
the cytoplasm (Walton, 1952). Thus, we infer that benthic
foraminifera stained with rose bengal were living or recently
dead at the time of sampling. Rose bengal staining is a com-
mon method for determining living foraminifera, but it has
to be noted that, under anoxic conditions, the decay of proto-
plasm can proceed slowly and dead specimen may also be
stained (Walker et al., 1974; Bernhard, 1988; Murray and
Bowser, 2000; Bernhard, 2000; Schonfeld et al., 2012). The
position of the sediment in the sample container was marked
to later measure the volume. The samples were fractionated
by wet sieving into 63—125 and > 125 pum fractions. The sam-
ple volume was determined by water volume measurement.
The living benthic foraminifera were picked from the en-
tire > 125 um fraction of each station under a microscope.
Afterwards, the > 125 pm fractions were split, and around
300 dead benthic foraminifera were picked from each sam-
ple. Total foraminiferal densities are likely underestimated
by excluding the < 125 pum fraction (Pawlowski et al., 1993;
Gooday et al., 1998; Shepherd et al., 2007). However, the
foraminiferal diversity should be reliably captured by the use
of the > 125 um fraction. The greatest increase in species
number and thus diversity usually occurs when the 125-
250 um fraction is included and when only a minor but some-
times considerable number of species (~ 25 %) are confined
to the 63—125 pm fraction (Gooday et al., 1998). The living
and dead specimens were counted and identified following
Jones (1994), Holbourn and Henderson (2002), Phleger et
al. (1953), Schroder (1986), Hermelin and Scott (1985), and
Gooday et al. (2013). The names of the species have been
adapted according to the accepted taxonomical names from
the World Register of Marine Species (WoRMS Editorial
Board, 2022). Finally, images of abundant species were pho-
tographed with a Keyence VHX-6000 digital microscope and
a Hitachi TM4000Plus scanning electron microscope (SEM)
using backscattered electron (BSE) imaging.

The porewater of each sample was extracted in a cold
laboratory kept at 4 °C, which is similar to the tempera-
ture of bottom water. Rhizon samplers were used for the
porewater extraction (precleaned with 0.003 M hydrochloric
acid and Milli-Q water; Steiner et al., 2018). The first 1 mL
was discarded, and the following 5 mL. was collected. The
trace-metal samples were acidified by adding 20 uL of ultra-
pure hydrochloride acid shortly after collection. The sam-

J. Micropalaeontology, 44, 193—-211, 2025



196 H. Kriiger et al.: Benthic foraminifera with distance from the Rainbow vent field

-33°54' -33°48'

-33°42'

& 36°30" .
O Stations

@ Vent field

Water depth [m]
-1000

7 36°24'

36°18'

-3500

36°127 0 25 S5km

-33°36"

Figure 2. Location of the Rainbow vent field (red diamond) and the sampled stations (white dots) with their assigned numbers. The grey
arrow illustrates the vent plume. The map was created with sonar backscatter data from Eason et al. (2016) available at the Marine Geoscience
Data System (Carbotte et al., 2004). The inset map shows the location of the Rainbow vent field in the North Atlantic Ocean. Ocean Data

View was used to generate the inset map (Schlitzer, 2021).
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Figure 3. Seafloor depth of stations and station numbers with distance from the vent field. The grey shading indicates the approximate

location of the vent plume.

ples were later diluted at a ratio of 1:20 with 1 M double-
distilled nitric acid before analyses. The measured nutrient
concentrations in the surface water used for dilution of the
porewater nutrient samples were reduced as blank from the
measured porewater nutrient concentrations. Porewater nutri-
ents were analysed during the cruise using a QUAATRO39
auto-analyser (Seal Analytics) following 1:6 dilution with
nutrient-poor surface water. The nutrient analyses followed
QUATRRO application method number Q-068-05 Rev. 11
for total oxidised nitrogen (TON) and Q-064-05 Rev. 8 for
soluble reactive phosphate. Trace metals in the porewater
and the water content and porosity of the sediment were
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measured at GEOMAR at a later time. Furthermore, trace
elements were analysed in medium resolution (R = 4000)
for the masses 21V, 52Cr, 5Mn, Fe, Co, ®ONi, %3Cu,
SMo, %Mo, 13Ba, 13¥Ba, and 233U and in high resolu-
tion (R = 10000) for > As using high-resolution inductively
coupled plasma mass spectrometry (HR-ICP-MS; Element-
XR, Thermo Fisher). The HR-ICP-MS analyses were cali-
brated using standard additions of Inorganic Ventures single-
element solutions to an acidified surface-water sample col-
lected at the study site. Sediment samples destined for deter-
mination of porosity and the carbon content were sampled
in pre-weighed vials and sent refrigerated to GEOMAR. The
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sediment was weighed before and after drying at 60 °C for
2-3 d for calculations of porewater content and porosity. The
porosity and porewater content were calculated from the sed-
iment mass loss upon drying, assuming solid sediment den-
sity of 2.70 gcm™2. Dried sediment was then powdered us-
ing agate mortar and pestle for analyses of its total carbon
content using an EuroEA 3000 element analyser. Sediment
organic carbon content was determined after acidification of
the sediment using hydrochloric acid, and the inorganic car-
bon content was calculated as the difference between the total
and organic carbon content.

2.4 Statistics

Statistical analyses were undertaken with the statistics soft-
ware Past 4.03 (Hammer et al., 2001). The relationship be-
tween benthic foraminifera, environmental parameters, and
community variations was analysed using multivariate statis-
tics. Multivariate statistical methods were used to recognise
relationships in the dataset by detecting important gradients.
For multivariate analysis, canonical correspondence analysis
(CCA) was executed (ter Braak, 1986). Prior to CCA, we
tested whether there was a linear or unimodal distribution in
the data using a detrended correspondence analysis (DCA).
The most distant image along the first axis (gradient length)
of the DCA was below 3 in both the living and the dead as-
semblages, indicating a linear distribution (Lep§ and Smi-
lauer, 2003). In general, CCA samples are grouped accord-
ing to their similarities or differences in a multidimensional
space with axes that are described by eigenvalues (Murray,
2006). The variance of each axis results from these eigenval-
ues. The CCA combines the correspondence analysis with
multiple linear regressions on the environmental variables
and analyses them together with the dependent variables.
Consequently, community variation can be directly related
to environmental variations (ter Braak, 1986). In the inter-
pretable coordinate system (CCA scatter plot), similar ob-
jects are close to each other, with species and sites indicated
as dots and environmental variables indicated as vectors. For
the CCA, the datasets of living and dead foraminiferal assem-
blages were reduced to a minimum mean relative abundance
of 0.6 % for the six stations (Xliving, Xdead)> and congeners
were lumped together. Environmental variables (water depth,
porosity, nutrients, organic carbon content, carbonate con-
tent, and trace metals) were standardised to make them com-
parable. The standardisation was calculated as follows:

xX—X
SD ’

7= ()
where z is the standardised score, x is the mean, and SD is
the standard deviation.

The biodiversity was described by the Shannon—Wiener
index H(S), a calculation that reflects the biodiversity of
an ecological assemblage including the species richness and
abundance (Shannon and Weaver, 1963).
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3 Results

3.1 Distribution of benthic foraminifera species

A total of 90 different species of benthic foraminifera
were identified in the living assemblage, and 126 differ-
ent species were identified in the dead assemblage. Plate 1
shows the most abundant species of the total assemblage.
In the following, the variable Xo represents the mean of
the six stations, with living and dead assemblages counted
together (total assemblage). In the studied assemblages,
agglutinated foraminifera were dominated by the genus
Reophax (Xota1 = 3.8 %) and the species Rhizammina algae-
formis (Xotal = 3.0 %). Rhizammina algaeformis is a large
branched foraminifer, usually only found in fragments due
to subsampling, transport, and sieving of the sediment. In
addition, Rhizammina spp., Rhabdammina spp., and Sac-
corhiza ramosa were also present in the samples. For com-
parison purposes, all fragments of the genera Rhizammina,
Rhabdammina, and Saccorhiza were divided by 3 and then
counted as whole individuals. This allows us to record the
frequency of these species semi-quantitatively (Kurbjeweit
et al., 2000; Heinz and Hemleben, 2003). Reophax was
also present in the samples and represented by five differ-
ent species. The most common species were R. bilocularis
and R. scorpiurus.

Furthermore, the miliolids were dominated by Quingue-
loculina weaveri (Xiota1 = 7.9 %) and Spirosigmoilina pusilla
(Xtotal = 7.5 %), with a relatively common appearance of
Quinqueloculina seminulum (X = 1.2 %). The miliolid
Triloculina trigonula only occurred at St. 4 and St. 7, and
Sigmoilina sigmoidea occurred until a distance of ~2km
(St. 12) from the vent field. Triloculina tricarinata was com-
mon in the dead assemblage, and its abundance increased
with distance from the black smokers. Hoeglundina ele-
gans (Xotal = 7.1 %) was the most abundant hyaline species,
followed by Cibicidoides wuellerstorfi (Xioa1 = 6.1 %) and
Abditodentrix pseudothalmanni (Xiota] = 5.7 %). The gen-
era Cibicides and Cibicidoides were more common in the
dead assemblages (Xgead = 11.5 %) than in the living as-
semblages (Xliving = 4.1 %). Besides C. wuellerstorfi, Cibi-
cidoides mundulus occurred frequently, along with the hya-
line genera Globocassidulina, Pullenia, and Gyroidina. The
genera Fissurina and Parafissurina were common near the
vent field. However, Laticarinina pauperata became more
frequent with greater distance from the vent field. In addi-
tion, Hospitella fulva, an organic-walled foraminifer inhab-
iting planktic tests, was abundant in the living assemblage
(Xliving = 7.1 %), except in the sediment of St. 7. Hospitella
fulva was the only identified organic-walled foraminifer due
to a prominent tubular extension projecting from the host
shell as described by Gooday et al. (2013). Scanning electron
microscope images of H. fulva are shown in Plate 2. At St.
12, the composition of the benthic foraminifera assemblages
differed from the other stations. Here, the living assemblage
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Plate 1. Most abundant species of agglutinated (1-3), miliolid (4-6), and hyaline (7-9) benthic foraminifera. (la-1¢) Reophax bilocularis
Flint, 1899; (2a-2b) Reophax scorpiurus Montfort, 1808; (3a-3b) Rhizammina algaeformis Brady, 1879; (4a—4b) Quinqueloculina weaveri
Rau, 1948; (5) Spirosigmoilina pusilla (Earland, 1934); (6a—6b) Quinqueloculina seminulum (Linnaeus, 1758); (7a=7b) Hoeglundina ele-
gans (d’Orbigny, 1826); (8a—8b) Cibicidoides wuellerstorfi (Schwager, 1866); and (9a-9b) Abditodentrix pseudothalmanni (Boltovskoy and
Guissani de Kahn, 1981). Scale bar: 100 um. Light microscopy (a) and an SEM (b, ¢) were used for the images.
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showed higher abundances of C. wuellerstorfi, Gavelinop-
sis translucens, Gyroidina polia, and Cornuloculina incon-
stans compared to the other stations. Living Osangulariel-
loides rugosus and Hyperammina spp. only occurred at St.
12 and were frequent there. The dead assemblage at St. 12
was also different from the other stations, with high abun-
dances of C. inconstans and S. ramosa but lower abundances
of O. rugosus, G. translucens, and G. polia. A cluster of
xenophyophores was observed at St. 12 and was sampled by
the multi-corer. Figure 4 shows the xenophyophores directly
before sampling, with a diameter of ~2cm and likely be-
longing to Syringammina sp. (Tendal and Gooday, 1981). Al-
though xenophyophores are benthic foraminifera, they were
not included in the diversity and abundance analyses. Due
to their size difference, the observed xenophyophores were
not comparable, and it would not have been possible to sam-
ple them accurately with the multi-corer. Besides benthic
foraminifera, ostracods were abundant meiofauna in all sam-
ples. The samples contained mainly disarticulated ostracod
valves but also a few rose-bengal-stained ostracods.

3.2 Distribution of main groups of benthic foraminifera

The main groups of benthic foraminifera showed remarkable
differences along the transect and were divided by their test
types in miliolids, agglutinated species, and hyalines. Fig-
ure 5 shows the distribution of the main groups with increas-
ing distance from the vent field. Miliolids dominated the rel-
ative abundance near the vent field, while hyaline and agglu-
tinated benthic foraminifera became relatively more abun-
dant with increasing distance. The fauna of St. 7 consisted
mainly of miliolids, with a relative abundance of 78.4 %
in the living assemblage and of 63.6 % in the dead assem-
blage. Miliolids also dominated the living assemblage at St. 4
(miliolids 61.9 %), whereas hyaline foraminifera dominated
the dead assemblage (hyaline 49.4 %, miliolids 44.3 %). At
a ~2km distance from the vents, the relative abundance
of miliolids decreased significantly. Hyaline living benthic
foraminifera were rare near the vent field until a distance of
~2km (St. 12), where the highest relative abundance value
along the transect was recorded (hyaline 46.6 %). The per-
centage of hyaline living specimens decreased to between
20 % and 30 % at St. 19, St. 21, and St. 23, whereas the hya-
line dead specimens increased up to ~ 70 %. Dead aggluti-
nated foraminifera increased with distance from the vent field
until ~2km. The locations between ~23km and ~ 41 km
are comparable to the ~2km location, with abundances of
dead agglutinated specimens in a range between 14 % and
17 %. Living agglutinated specimens were more abundant
than dead agglutinated specimens and dominated stations 19,
21, and 23 in a range of 30 % to 55 %.
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3.3 Biodiversity and population density

Biodiversity and abundance of benthic foraminifera are rep-
resented by the Shannon—Wiener index, number of species,
and population density, as illustrated in Fig. 6. The Shannon—
Wiener diversity increased from 2.3 (living) and 2.8 (dead) at
a distance of ~ 200 m from the vent field to 3.3 (living) and
3.6 (dead) at ~ 2 km distance from the vent field. At a greater
distance, the diversity decreased slightly. It is noticeable that
the Shannon—Wiener diversity in both the living and the dead
assemblages initially exhibited a pronounced increase up to a
distance of ~ 2 km, after which it stabilised with a tendency
towards a decline.

The number of species in the living assemblage ranged
from 17 different species at St. 7 and 21 species at St. 4 to
about 40 species at the other stations. In the dead assemblage,
49 species were identified at St. 7, 71 species were identified
at St. 4, and 73 species were identified at St. 12. Stations 4
and 12 were the most diverse stations along the transect in
the dead assemblage. Stations 19, 21, and 23 showed slightly
lower numbers of species, with 67 to 68 species in the dead
assemblages.

The population density (i.e. standing stock) of living ben-
thic foraminifera showed the lowest values at the two sites
closest to the vent field. It increased from 15 individu-
als/10cm® at St. 7 and ~ 13 individuals/I0cm?® at St. 4
to ~25 individuals/10cm® at St. 12 and ~26 individu-
als/I0cm® at St. 19. It then decreased to ~22 individu-
als/10cm?® at St. 21 and ~ 19 individuals/10cm? at St. 23.
The density of empty foraminiferal tests initially increased
from ~ 46 individuals cm > at St. 7 to ~ 57 individuals cm 3
at St. 4 but then decreased to 14 individualscm™> at St.
12. The highest value was observed at St. 19, with a den-
sity of ~ 73 individualscm™3. At St. 21 it decreased again
to ~ 45 individuals cm > before increasing to ~ 52 individ-
uals cm™3 at St. 23. In general, the population density of liv-
ing benthic foraminifera was much lower than the density of
empty foraminiferal tests (Fig. 6).

3.4 Trace metals

Porewater trace-metal concentrations were elevated near the
vent field relative to the far-field stations (Fig. 7). At St. 7,
the core-top porewater concentrations were 760 nmol kg ™!
for Cu, 330nmolkg~! for Zn, and 32nmolkg~! for Co.
At a greater distance (St. 19), Cu had a concentration of
35 nmol kg_l, Zn had a concentration of 20 nmol kg_l, and
Co had a concentration of 0.22 nmol kg~'. Tron had a maxi-
mum concentration of 24 nmol kg~! at 0.9 km distance.

3.5 Response to environmental variables

Porewater concentrations of nitrate (NO;) and phosphate

(POi_) in the upper sediment increased significantly until
~ 2 km distance from the vent field and decreased at further

J. Micropalaeontology, 44, 193—-211, 2025
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Plate 2. SEM images of planktic foraminiferal tests inhabited by the organic-walled benthic foraminifer Hospitella fulva Rhumbler, 1911.
A tubular extension of H. fulva projects from the aperture of the host test.

Figure 4. Observation of St. 12 by the multi-corer camera shortly before sampling with the multi-corer. Cluster of xenophyophores on seabed
likely belonging to Syringammina sp. Image width approximately 47 cm.

distance (Fig. 6). The sedimentary organic carbon content
(Corg) was measured for St. 7 (0.39 %), St. 4 (0.24 %), St.
12 (0.35 %), and St. 23 (0.30 %), together with the calcium
carbonate content at St. 7 (77 %), St. 4 (86 %), St. 12 (97 %),
and St. 23 (92 %).

Scatter plots from canonical correspondence analysis
(CCA) of the stained (Fig. 8) and dead (Fig. 9) assem-
blages indicate three different ecological communities along
the transect. The CCA compares the distribution of benthic

J. Micropalaeontology, 44, 193—211, 2025

foraminifera at the different stations with trace metals, ni-
trate, phosphate, organic carbon content, carbonate content,
water depth, and porosity. Species that belong to the dif-
ferent communities are listed in Table 1 together with sta-
tions where the communities are located and environmental
parameters that dominated at these stations. A few species
were omnipresent and could not be assigned to a specific
community. Living Pyrgo/Pyrgoella spp. showed no direct
connection with the three communities defined above. In the

https://doi.org/10.5194/jm-44-193-2025
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Figure 5. Distribution of main groups of benthic foraminifera, sep-
arated by test wall type with approximate distance from the vent
field.

dead assemblage, S. acutimargo, Melonis spp., and E. ex-
igua fluctuated discontinuously with distance from the Rain-
bow vent field, resulting in no obvious connection with the
different communities. Dead Triloculina/ Triloculinella spp.
were not clearly linked to the near-vent-field community but
were clustered near G. translucens and Uvigerina spp., which
are species that show no obvious trend along the transect.
Dashed lines in the CCA scatter plots surround species that
may also belong to the communities.

4 Discussion

4.1 Factors influencing the composition of live and dead
foraminiferal assemblages

The proximal-to-distal transect from the Rainbow hydrother-
mal vent field was divided into three regions. The first region
located ~0.2 to ~ 1 km away from the Rainbow vent field
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Figure 6. Population density and density of empty foraminiferal
tests (dead assemblage), Shannon—Wiener diversity index, number
of species, and nitrate and phosphate concentrations with distance
from the vent field. Note that the density of empty foraminiferal
tests was calculated as individuals per cm?® and that the popula-
tion density of living foraminifera was calculated as individuals per
10cm?. Nitrate and phosphate were measured in the porewater ex-
tracted from the top sediment layers (St. 4, 1 cm; St. 7, 1 cm; St. 12,
2.5cm; St. 19, 1cm; St. 23, 0.7 cm). No measurements of nitrate
and phosphate are available at St. 21.

contained St. 7 and St. 4 (“near vent field”); the second re-
gion located at a distance of ~2km from the vent field in-
cluded St. 12 (“transitional’); and the third region located at
a distance of ~23 to ~41km from the vent field included
St. 19, St. 21, and St. 23 (“far from vent field”). The transi-
tional community is located at the only station where xeno-
phyophores were observed. It is regarded as “transitional”

J. Micropalaeontology, 44, 193—-211, 2025
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Table 1. Interpretation of the canonical correspondence analysis (CCA): correlating species, stations, and statistically relevant environmental
parameters are listed by distance from vent field. The last column shows species and parameters with no obvious correlation with distance
from vent field. Species and parameters in parentheses show a low correlation.

~0.2-1km
(“near vent field”)

Distance from vent ~2km

field

(“transitional”)

~23-41km
(“far from vent field”)

No correlation to a
certain distance or
station

Stations 7,4 12

19,21, 23

Dominant species in
living assemblage

Quinqueloculina spp.,
Triloculina/
Triloculinella spp.,

S. sigmoidea,

O. rugosus,

Hyperammina spp,

C. inconstans,
G. translucens,

Rhizammina spp.,
Reophax spp.,
L. pauperata,
N. dentaliniformis,

Pyrgo/ Pyrgoella spp.

S. pusilla, A. pseudothalmanni, H. elegans,

Fissurina/ Gyroidina/ H. fulva,

Parafissurina spp., Hansenisca spp., S. ramosa,

S. decorata Globocassidulina spp.,  Cibicides/
Pullenia spp., Cibicidoides spp.,

Cibicides/ Pullenia spp.,
Cibicidoides spp. Globocassidulina spp.,
S. ramosa Gyroidina/
Hansenisca spp.
Dominant species in Quinqueloculina spp., Fissurina/ H. elegans, S. acutimargo, Melonis
dead assemblage S. sigmoidea, Parafissurina spp., L. pauperata, spp., E. exigua
S. pusilla, C. inconstans, Pyrgo/Pyrgoella spp., (Triloculina/
Cassidulina/ S. ramosa, Pullenia spp., Triloculinella spp.,
Globocassidulina spp.,  Miliolinella spp., Reophax spp., G. translucens,
(Triloculina/ A. pseudothalmanni, 0. rugosus, Uvigerina spp.)
Triloculinella spp, Lagena/Oolina spp., Cibicides/
G. translucens, Bulimina/ Cibicidoides spp.,
Uvigerina spp.) Buliminella spp. Gyroidina/

Hansenisca spp.,
Fursenkoina spp.,
Bulimina/
Buliminella spp.,
R. translucens,
Rhizammina spp.

Relevant parameters Cu, Zn, Fe, Co, U

for living assemblage

Phosphate, water
depth, Ba, nitrate, Ba

V, As, porosity, nitrate, Ni, Mn, Mo, Cr Corg

porosity, CaCO3

Relevant parameters
for dead assemblage

Cu, Zn, Fe, Co, U, (Cr,
Corg)

Phosphate, CaCO3

Ni, Mn, Mo, water
depth

V, As, porosity, nitrate,
Ba, CaCOj3

because its communities differed from the other regions’ and
because it lies between the near-vent-field and far-from-vent-
field communities. Its intermediate location suggests St. 12
likely sits outside the area that receives the main rain of sul-
fide minerals and metal oxides that follows the mixing of hy-
drothermal fluids and seawater but yet more plume fallout
than the far-from-vent stations.

4.1.1 Taphonomic influences

Living and dead assemblages differed from each other. Ag-
glutinated foraminifera were less abundant in the dead as-

J. Micropalaeontology, 44, 193—211, 2025

semblage than in the living assemblage, probably due to low
sample preservation quality. The preservation potential of
foraminifera depends on the fragility of their tests and in
general, agglutinated tests are more fragile than calcareous
tests (Duros et al., 2012). Additionally, many genera such
as Reophax and Rhizammina are agglutinated only with a
degradable cement, often leading to their disappearance af-
ter death (Schroder, 1986; Schmiedl et al., 1997; Duros et
al., 2012). This indicates that the hyaline foraminifera, which
showed higher numbers in the dead than in the living assem-
blages, were likely overrepresented in the dead assemblage.
The density of empty foraminiferal tests exhibited greater

https://doi.org/10.5194/jm-44-193-2025
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Figure 7. Trace-metal concentrations in porewater extracted from
the top sediment layer with distance from the vent field (St. 4, 1 cm;
St. 7, 1cm; St. 12, 2.5cm; St. 19, 1 cm; and St. 23, 1.2cm). No
measurements are available at St. 21.

fluctuations than the population density in the living assem-
blage. The dead assemblage was likely subject to a greater
degree of internal and external influences, such as bioturba-
tion or hydro-sedimentary processes and possible physico-
chemical impacts (Martins et al., 2016). Significant differ-
ences can occur between the living and dead assemblages
because the living assemblage only represents the moment
of sampling, while the dead assemblage represents the ac-
cumulation of many generations over a longer time period
(Murray, 1991, in Martins et al., 2016). Moreover, bioturba-
tion and transport of tests often also cause such differences
(Mackensen and Douglas, 1989; Murray, 2006; Martins et
al., 2016). Finally, the shape of the canyon and slopes might
have caused some relocation of tests in the study area.

4.1.2 Influence of the xenophyophore cluster

The density of empty foraminiferal tests was lowest at St. 12,
which was located within a xenophyophore cluster. Xeno-
phyophores are large, agglutinated foraminifers from the
deep sea that can reach sizes of more than 20 cm (Gooday et
al., 2011, 2020). Xenophyophores can be abundant megafau-
nal species in the deep sea, usually found under areas of
high surface productivity or enhanced flux of organic mat-
ter (Levin and Thomas, 1988; Gooday et al., 2011). Similar

https://doi.org/10.5194/jm-44-193-2025

clusters were observed by Tendal and Gooday (1981) and
Gooday et al. (2011). Additionally, Ashford et al. (2014) car-
ried out a habitat suitability modelling for xenophyophores
and observed that an area of most suitable habitats for
the xenophyophore Syringammina fragilissima includes the
Mid-Atlantic Ridge close to the Azores, which is in close
proximity to our sampling transect. The sediment material
in the coarse fraction of St. 12 differed from the other sta-
tions because it contained xenophyophore remains. It also
contained less planktic and dead meiobenthic foraminifera,
explaining the low density of empty foraminiferal tests there
(excluding the xenophyophores). The high abundance of liv-
ing C. wuellerstorfi at St. 12 further implies different envi-
ronmental conditions compared to the other stations where
living Cibicides and Cibicidoides were rare. Cibicidoides
wuellerstorfi prefers an elevated position above the sediment
by attaching to sponge skeletons, stones, or other objects ly-
ing on the sediment surface (Lutze and Thiel, 1989; Bur-
kett et al., 2015, 2016). Thus, C. wuellerstorfi can be under-
represented in living populations from samples of soft sed-
iment (Lutze and Thiel, 1989). The xenophyophores at St.
12 could possibly serve as elevated substrate for C. wueller-
storfi. Other living species also showed their highest abun-
dance at St. 12 (G. translucens, G. polia, and C. inconstans)
or were even exclusively found at this station (O. rugosus and
Hyperammina spp.), indicating the influence of different en-
vironmental conditions. Indeed, the measured environmen-
tal parameters indicate low porewater trace-metal concentra-
tions at St. 12, comparable with the far-distance stations 19
and 23, a similar organic carbon content at all stations but
higher nitrate concentrations at St. 12 and St. 19, and the
highest phosphate along the transect at St. 12. Additionally,
the highest carbonate content along the transect was mea-
sured at St. 12 (97 %).

The conditions in the transitional community might be
favourable for benthic foraminifera. This is indicated by
a relatively high abundance of living benthic foraminifera
compared to most of the other stations and a high diversity
in the living and dead assemblages. Only St. 19 showed a
slightly higher abundance. Levin and Thomas (1988) found
that the presence of xenophyophores can enhance the abun-
dance of other organisms, such as isopods and nematodes.
A similar positive effect may apply here at least to the oc-
currence of C. wuellerstorfi. Since the xenophyophores were
exclusively found at St. 12, a patchy distribution of xeno-
phyophores in the investigation area is consistent with our
findings. Data from Gollner et al. (2007, 2010) suggest that
foraminiferal abundances in vent habitats are patchy. This
spatial heterogeneity (“patchiness”) is typical for deep-sea
benthic communities and is caused by sediment character-
istics, biogenic disturbances and structures, or the scattered
distribution of food sources (Lejzerowicz et al., 2014).

J. Micropalaeontology, 44, 193—211, 2025



204 H. Kriiger et al.: Benthic foraminifera with distance from the Rainbow vent field

Near vent field-community

(~0.2 - 1 km distance
from vent field)

« S. decorata

Axis 2 (30.43 %)

o S. pusilla

S. sigmoidea Cu_Fissurina/Parafissurina spp.

3.00

1.50

Hyperammina spp.»©- 'Vgosus

«C. inconstans

o G. translucens

o A. pseudothalmanni

12
« Gyroidina/Hansenisca spp.
Phosphate » Globocassidulina spp.
CaCos * Pullenia spp.

Cor’g \Na{eY dep\h = a L L
Pol?‘cgtsrﬁ;e' S. ramosa  *Cibicides/Cibicidoides spp.

T
Zh

40" 4Co

Mo Rhizanm \
n

\ o fulva 1.0 20

P /P It .
yrgorryrgosta spp Rhabdammina spp. « Reophax spp
Ni ’
— - o H. elegans
- 150 L. pauperata®  °N. dentaliniformis
Axis 1 (43.22 %)

Figure 8. Results of the canonical correspondence analysis (CCA) of living benthic foraminifera with reduced dataset and standardised
environmental variables (water depth, porosity, nutrients, organic carbon, carbonate content, and porewater trace metals). Sampled stations
are indicated with red dots and numbers. The CCA indicates the presence of three foraminiferal communities. The near-vent-field community
represents St. 4 and St. 7 and contains miliolids, Fissurina/Parafissurina spp., and Spirillina decorata. Trace metals Cu, Zn, Co, U, Fe, and
maybe Ni are associated with the near-vent-field community. The transitional community represents St. 12 with mainly hyalines such as

Cibicides/Cibicidoides spp. and a connection to porosity, nitrate, Ba,

water depth, and phosphate. Stations 19, 21, and 23 represent the

far-from-vent-field community consisting of agglutinated and hyaline foraminifers and Hospitella fulva and connected to As and V.

4.1.3 Influence of environmental variability

Station 12 showed stronger differences in the species com-
position between the living and dead assemblages than the
other sampling sites. This suggests that potential local envi-
ronmental changes might have caused a change in the liv-
ing fauna compared to the thanatocoenosis at this site. The
xenophyophore cluster was probably relatively young com-
pared to the underlying sediments and could have diluted
the dead assemblage that accumulated there over hundreds
of years. The growth rate of other xenophyophores is ~ 1—
2 cm/month (Gooday et al., 1993); thus, the xenophyophore
cluster is probably not older than a few years, while the
first 1 cm of sediment in the deep sea accumulates empty
foraminifera tests from hundreds to thousands of years (Cave
et al., 2002). Elevated epifaunal species such as C. wueller-
storfi respond to current flow and to the associated flux of
suspended food particles (Gooday, 2003). This species seems
to be adapted to high-current regimes (Wollenburg et al.,
2021). Presumably, short-term current changes in the study
area might cause differences in the food input and a response
of benthic foraminifera leading to a change in the distribu-
tion of the foraminiferal assemblages. Additionally, the dif-
ferences between abundance and species distribution at the
different stations were larger in the living assemblage than in
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the dead assemblage. It is likely that there were short-term
variations in the living assemblages that shifted the distri-
bution of living organisms. Duros et al. (2012) suggested
that differences between living and dead benthic fauna in
the North Atlantic Ocean may reflect population dynam-
ics and the temporal variability in the foraminiferal faunal
composition. In bathyal regions, benthic foraminiferal as-
semblages can be influenced by seasonal changes in organic
matter fluxes, whereas these are limited in the abyss (Goo-
day and Rathburn, 1999). However, seasonally varying or-
ganic matter fluxes also cause distribution changes in deep-
sea foraminiferal faunas in some parts of the North Atlantic
Ocean (Corliss et al., 2009). Species such as Epistominella
exigua are related to fresh organic matter pulses, for exam-
ple, coming from the spring bloom (Gooday, 1988; Schmiedl
et al., 1997; Fontanier et al., 2003; Mojtahid et al., 2010). The
species E. exigua was present in all samples of the dead as-
semblage of the current study area but only occurred in the
living assemblage at St. 19. This suggests that the assem-
blages are linked to such organic matter pulses. It remains
uncertain why living E. exigua were only found at this one
station because a seasonal signal should have impacted all
sites. Haalboom et al. (2020) showed that microbial commu-
nities at the Rainbow vent field were subject to short-lived

https://doi.org/10.5194/jm-44-193-2025
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relevant relation with the species data.

episodic changes when the vent plume is in direct contact
with the sediment. This might also have had an impact on
the benthic foraminifera and could explain short-term com-
munity changes.

The Shannon—Wiener indices of benthic foraminifera,
with values between 2.3 and 3.3 for the living assemblages
and 2.8 and 3.6 for the dead assemblages, were moderate to
high and increased with increasing distance from the vent
field (e.g. compared to Buzas and Gibson, 1969; Schmiedl
et al., 1997; Corliss et al., 2009). This was also observed in
several studies which also indicated high diversity of ben-
thic foraminifera assemblages in oxygenated deep-sea set-
tings (e.g. Buzas and Gibson, 1969; Schmiedl et al., 1997,
Gooday et al., 1998; Gooday, 1999). In deep-sea ecosystems,
many environmental parameters are stable over time with no
or few disturbances (“stability” hypothesis) (Buzas and Gib-
son, 1969). This can result in a high diversity even when
oligotrophic conditions prevail (Buzas and Gibson, 1969;
Schmiedl et al., 1997). The “stability” hypothesis could ex-
plain the high diversity at a greater distance from the vent
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field. While close to the vents, different disturbances due to
the hydrothermal activity can likely result in a lower diver-
sity. Food availability is typically a limiting factor for ma-
rine life in the deep sea, suggesting that population den-
sities in deep-sea foraminiferal assemblages are generally
low, because total foraminiferal standing stocks reflect food
availability (Phleger, 1964, 1976; Douglas, 1981 in Goo-
day, 2003). Indeed, the biomass that might serve as a food
source for benthic foraminifera potentially derives from or-
ganisms that thrive in the hydrothermal plume. For example,
Nitrososphaeria (Archaea) and various proteobacteria make
up large parts of the microbial community in the Rainbow
vent plume (Haalboom et al., 2020). Our observed popula-
tion densities are in a moderate range when compared to
other deep-sea assemblages in the > 125 um (or > 150 um)
fraction (e.g. Schmiedl et al., 1997; Wollenburg and Mack-
ensen, 1998; Shepherd et al., 2007). Most hyaline and agglu-
tinated species occurred in both the transitional and the far-
from-vent-field communities. The differences in the species
distribution between the transitional and the far-from-vent-
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field communities could have resulted from the presence of
xenophyophores in the transitional community. The overlap
in the community composition is probably because both were
not strongly affected by disturbances due to the hydrothermal
activity like the near vent stations.

4.2 Influence of hydrothermal activity on the benthic
foraminifera

The biodiversity and population density of benthic
foraminifera were low close to the Rainbow vent field.
Different stress factors can cause an impoverished benthic
foraminiferal fauna. For example, the hydrothermal fluids
emit trace metals that can have an influence on the benthic
foraminifera. Cu, Zn, and Co (partly Fe) in particular showed
higher concentrations in the porewater in close proximity
to the black smokers compared to the far-distance stations
(Fig. 7). At high concentrations, these metals can be toxic
to marine (micro-) organisms such as benthic foraminifera
(Stankovic et al., 2014). In addition, the hydrothermal
fluids are acidic (Douville et al., 2002), and a low pH in
the proximity of the vents can potentially be a limiting
factor for calcifying organisms like foraminifera (Brewer
and Peltzer, 2009). Our closest station to the vents (St. 7)
is at ~200m; such distance likely implies no indication of
thermal anomalies compared to the open ocean. The tests of
planktic foraminifera in the sediment at St. 7 and St. 4 ex-
hibit poorer preservation in comparison to the other stations,
suggesting that they were corroded by acidic porewaters.
The surface sediment calcium carbonate content of the
sediment dropped from 90 % in the far field stations to 77 %
at St. 7. The decrease in %CaCOj3 could be due to dilution
of the CaCOj3 with hydrothermal particles and dissolution
of CaCOs;. Nevertheless, the sedimentary sulfur content was
low even at St. 7 (total sulfur content was < 0.1 %). Hence,
if we assume that the change in %CaCOs3 was mostly due to
dissolution with minor dilution, this represented a change in
the ratio of other sediment constituents to CaCO3 from 1:9
to 1:3. In other words, the CaCO3 accumulation rate at St.
7 was only 1/3 the accumulation rate at the far field stations.
As the > 125 um fraction was mainly composed of planktic
foraminifera whose rain rate should have been similar over
this small region, this suggests that most of the CaCOj3
dissolved at this site. However, given that the sediment at
the closest station to the vent field was still dominated by
CaCQO3, the sediment must have reached equilibrium with
calcite saturation, and the final pH should have been within
the normal range for deep-sea environments.

It has been reported that agglutinating taxa are commonly
dominant in other environments with low-pH or calcite-
undersaturated waters, such as salt marshes (Edwards and
Wright, 2015), deep-sea ecosystems below the calcite com-
pensation depth (Mackensen et al., 1995), or other hydrother-
mal venting areas with acidic fluids (Jonasson et al., 1995;
Jonasson and Schroeder-Adams, 1996; Panieri, 2006). In our
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study, hyaline and agglutinated benthic foraminifera were
rare near the black smokers, suggesting a potentially nega-
tive influence of the hydrothermal activity. Instead, miliolids
dominated near the vent site. It remains unclear why aggluti-
nated foraminifera avoided the possibly acidic environments
near the vent field. It has to be noted that our nearest sam-
pling site was still at a distance of ~200m from the active
vents and was not directly located at the vent site. In com-
parison to other vent fields, the hydrothermal fluids of the
Rainbow vent field contained low concentrations of H»S and
high concentrations of Cu (Douville et al., 2002). Since H,S
and Cu can be toxic for marine organisms (Zierenberg et
al., 2000; Stankovic et al., 2014), adaptations to their pres-
ence might explain differences between biodiversity and the
abundance of benthic foraminifera at this and other vent-
ing sites. Miliolids might be better adapted to tolerate the
extreme hydrothermal conditions than hyaline and aggluti-
nated species. Ricketts et al. (2005, 2009) investigated the ef-
fects of CO; hydrates on deep-sea foraminifera and showed
that miliolids were more resistant to low pH. Thus, miliolids
could be more resistant to acidic, metal-rich porewaters than
hyaline and agglutinated species, which might explain why
miliolids dominated near the vent field. Hyaline foraminifera
precipitate low-Mg calcite, and sometimes aragonite, extra-
cellularly after storage of calcium and carbonate in differ-
ent intracellular pools (Todd and Blackmon, 1956; de Nooi-
jer et al., 2009). Miliolids precipitate high-Mg calcite in the
form of needles in the cell and form a framework with differ-
ent orientation in the test wall, giving them a porcelaneous
appearance (de Nooijer et al., 2009). Some miliolids form
an outer organic lining when adding a new chamber, while
hyaline and agglutinated foraminifera typically only have an
inner organic lining (Berthold, 1976; Goldstein, 1999). The
outer organic lining protects calcite crystals from dissolution
from the surrounding medium (Berthold, 1976). Potentially,
this mode of calcification allowed the examined miliolids in
the near-vent-field community to precipitate their tests in a
mildly corrosive environment.

Our data support the results of Molina-Cruz and Ayala-
Lopez (1988) and Ayala-Lépez and Molina-Cruz (1994),
who concluded that benthic foraminifera can inhabit environ-
ments close to hydrothermal vents. Similarly, Van Dover et
al. (1988) reported benthic foraminifera as significant com-
ponents of hydrothermal vent communities. However, the
conditions close to the vent field seem to be stressful for
the assemblages reflected by lower abundances and diversi-
ties but not harmful enough to cause disappearance. Some
foraminiferal species with high relative abundances might
even benefit. At a distance of ~ 2 km from the vent field, the
environmental conditions seem to be particularly favourable
for benthic foraminifera, as certain species were found in
high abundances and the highest biodiversity along the tran-
sect was recorded at this station. It is likely that the distance
to the vents was far enough away from the hostile substances
but influenced by food supply from the vents. Indeed, food
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availability should have been higher near the vent field due to
the potential presence of chemoautotrophy. Lower porewater
nitrate (20.9 umol L™') and phosphate (1.2 umolL~!) con-
centrations near the vent field (~200 m) were likely a con-
sequence of reduced remineralisation rates of organic matter
but were still rather high and indicated no nutrient limitation.

5 Summary and conclusions

Benthic foraminiferal assemblages from the Rainbow hy-
drothermal vent field showed variations in diversity, popu-
lation density, and species composition with increasing dis-
tance from the black smokers. The biodiversity and abun-
dance of living benthic foraminifera were relatively low at
~ 200 and ~ 900 m distance from the black smokers but in-
creased at a distance of ~ 2 km. The locations between ~ 23
and ~41km showed similar diversities, which were com-
parable to the ~2km location. The abundance peaked at
~ 23 km distance and then slightly decreased again at the
most distant stations from the vent field. The density of
empty foraminiferal tests exhibited greater variability than
the living population density with a relatively low value at
~2km distance from the vent field. The Shannon—Wiener
diversity of the dead assemblage was slightly higher than that
of the living assemblage and exhibited a similar proximal-to-
distal trend.

Three benthic foraminiferal communities were identified
along the investigated transect. The near-vent-field commu-
nity between ~200m and ~ 1km from the black smokers
was dominated by miliolids. At a greater distance from the
vent field between ~2 and ~41km, hyaline and aggluti-
nated benthic foraminifera dominated the communities. The
station at ~2km distance from the vent field differed in its
species composition from the other stations and represented
the highest biodiversity. The environmental conditions at this
location may be particularly favourable for the growth of
benthic foraminifera because the area still received material
from the vents but had lower levels of potentially harmful
substances. A xenophyophore cluster was present at this sta-
tion and provided a particular habitat for the species found
here. It remained unclear whether the location of this sta-
tion or the presence of xenophyophores led to the differences
compared to the other stations.

The hydrothermal activity probably influenced the near-
vent-field community through different stressors. Miliolids
seemed to demonstrate a greater tolerance to hydrothermal
environmental conditions than hyaline and agglutinated ben-
thic foraminifera. It can be hypothesised that the decline of
hyaline and agglutinated foraminifera could be attributed to
the acidic nature of the porewaters in the vicinity of black
smokers. However, miliolids appeared to have greater re-
silience to such acidic conditions. Porewater pH measure-
ments would have been necessary to prove this hypothesis.
Besides the potential influence of acidic vent fluids, miliolid
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taxa seem to also tolerate other stress factors, such as the
high trace-metal concentrations. Therefore, miliolids such as
Quinqueloculina weaveri and Spirosigmoilina pusilla could
possibly serve as indicator species for hydrothermal con-
ditions in the study area. Hydrothermal vent fields can be
“oases of life” in the mostly oligotrophic deep sea, where low
abundances and a low input of organic matter predominate.
The high biodiversity and abundance of benthic foraminifera
near the Rainbow vent field suggest that a diverse ecologi-
cal community is present there, with xenophyophores being
a part of this community.
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