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ABSTRACT 

The impact of global warming has been a major issue in recent years and will continue increasing in the future. Knowledge 
about the effects of ocean acidification on marine organisms and communities is crucial to efficient management. Island envi-
ronments are particularly sensitive to externally induced changes and highly dependent on their coastal areas. 
This study summarises the published information on shallow-water hydrothermal vents of the Azores. These environments 
were reported to exhibit high metal concentration and acidified seawater due to the diffusion of acidic volcanic gases (mainly 
CO2) and a considerable temperature range. In some vents a water input with lower salinity was reported. These conditions 
result in a depletion of some of the species but can also enhance a diversity gradient between the “unique” shallow marine hy-
drothermal ecosystems and the surrounding common coastal marine environment, potentiating the co-existence of a high vari-
ety of metabolisms and so biodiversity. Metal content on species from vent areas was reported to be associated with volcanic 
activity and signs of organism’s chronic stress seemed to result in modifications on their morphometry and internal composi-
tion. Species able to survive at vent conditions are indicated as potential sentinels for studying the effects of increasing tem-
perature and acidification on marine organisms and as bioindicators of metal accumulation studies at the Azores. 
Further information on CO2 flux, metals concentration in the sediments and seawater and on the geochemistry of 
fluids from active shallow-water hydrothermal systems is needed. Also, research on the productivity of shallow-
water vent areas at the Azores and on food chains and interactions between trophic levels at these environments is 
recommended as it will contribute to a better knowledge of metal bioavailability, accumulation and biomagnifica-
tion. This research should be complemented by investigations directed to the venting periodicity and episodicity 
and metal deposits resulting from hydrothermalism. This would increase the value of the Azorean vents as natural 
laboratories to the implementation of multidisciplinary research aimed at contributing to predict and/or to infer 
about ocean acidification effects on marine organisms and communities. 
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RESUMO 
Fontes hidrotermais de superfície nos Açores (Portugal)  
O impacte do aquecimento global é atualmente um assunto de grande interesse e que continuará a aumentar no futuro. O 
conhecimento sobre os efeitos da acidificação dos oceanos nos organismos e comunidades marinhas é fundamental para uma 
gestão eficiente. Os ambientes insulares são particularmente sensíveis às mudanças externamente induzidas e muito depen-
dentes das suas áreas costeiras. 
Este estudo resume as informações publicadas em fontes hidrotermais de superfície dos Açores. Nestes ambientes foram 
reportadas elevadas concentrações de metais, água do mar acidificada devido à difusão de gases vulcânicas ácidas (princi-
palmente CO2) e um intervalo de temperatura abrangente. Em algumas fontes foi relatada uma entrada de água com baixa 
salinidade. Estas condições resultam na depleção de algumas das espécies, mas também podem induzir um gradiente de diver-
sidade entre os ecossistemas hidrotermais marinhos de superfície "únicos" do ambiente costeiro marinho comum circundante, 
potenciando a coexistência de uma elevada variedade de metabolismos e assim a biodiversidade. A concentração de metais 
em espécies de fontes hidrotermais foi reportada sendo associada à atividade vulcânica e os sinais de stress crónico dos orga-
nismos parece resultar em modificações na sua morfometria e composição interna. Espécies capazes de sobreviver em fontes 
hidrotermais de superfície são indicadas como potenciais indicadores para estudar os efeitos do aumento da temperatura e da 
acidificação em organismos marinhos e como bioindicadores de acumulação de metal em estudos nos Açores. 
É necessário maior conhecimento sobre o fluxo de CO2, a concentração de metais nos sedimentos e na água do mar e sobre a 
geoquímica de fluidos de sistemas hidrotermais de superfície ativos. Para além disso, a investigação sobre a produtividade em 
áreas de fontes hidrotermais de superfície nos Açores, nas cadeias alimentares e interações entre níveis tróficos nestes ambi-
entes é recomendada, pois irá contribuir para um melhor conhecimento da biodisponibilidade, acumulação e biomagnificação 
de metais. Esta investigação deverá ser complementada por investigações dirigidas à periodicidade e sazonalidade das fontes 
hidrotermais de superfície, assim como aos depósitos de metais resultantes do hidrotermalismo. Isso aumentaria o valor das 
fontes hidrotermais de superfície dos Açores como laboratórios naturais para a realização de investigação multidisciplinar 
que visa contribuir para prever e/ou para inferir sobre os efeitos da acidificação dos oceanos nos organismos e comunidades 
marinhas. 
Palavras-chave: Temperatura; Acidificação; Desgaseificação submarina; Gases vulcânicos; Sistemas hidrotermais. 
 

1. Introduction 

The Azores archipelago comprises nine volcanic islands 
(Fig. 1), located in the North Atlantic Ocean where the 
Eurasian, American and African lithospheric plates 
meet at a triple junction (Searle, 1980), between lati-
tudes 36º 55’ N and 39º 45’ N and the longitudes 
24º 45’ W and 31º 17’ W (Instituto Hidrográfico, 
2000). It extends for more than 480 km along an 
Northwest-Southeast trend (Morton et al., 1998) and 
occupies an area of about 2344 km2 (Instituto Hidro-
gráfico, 2000). 
The main tectonic features are the Mid-Atlantic Ridge 
(MAR) that crosses the archipelago between the islands 
of Flores and Faial, the East Azores Fracture Zone 
(EAFZ), which extends E–W from the MAR to Gibral-
tar including the Gloria Fault, and the Terceira Rift 
(TR), which trends NW–SE from the MAR to the island 
of Santa Maria (França et al., 2003; Cruz & França, 
2006). On account of this complex tectonic setting, 
seismic and volcanic activities are frequent throughout 
the archipelago (França et al., 2003; Ferreira et al., 
2005; Viveiros et al., 2010). 
Present-day volcanic activity in the Azores is marked 
by highly active fumarolic fields, hot springs and soils 
diffuse degassing phenomena (Ferreira et al., 2005), 
where degassing areas are related to hydrothermal sys-
tems (Ferreira, 1994) and anomalous CO2 fluxes are 
mainly controlled by tectonic structures and by the 
geomorphology of the volcanic complex (Viveiros et 
al., 2010). 

A striking feature of these islands, as a result of their 
volcanic nature, is the presence of active deep sea and 
shallow-water hydrothermal activity caused by diffuse 
degassing from submerged soils (Cruz, 2003; Ferreira 
et al., 2005). Organisms associated to hydrothermal ac-
tivity are chronically exposed to extreme environments 
characterized by ”natural thermal pollution”, high metal 
concentrations (Cunha et al., 2007; Cunha et al., 2008; 
Wallenstein et al., 2009a; Couto et al., 2010; Dionísio 
et al., 2013; Wallenstein et al., 2013), either in the form 
of particles or associated with gases from volcanic 
emissions (Hansell et al., 2006), as well as acidic sea-
water due to the diffusion of volcanic gases (Cruz & 
França, 2006). 
The terrestrial volcanic systems have been well-studied, 
both because of the long history of devastation caused 
by their eruptions and because of their geothermal po-
tential (Ferreira, 1994; Cruz et al., 1999; Ferreira & 
Oskarsson, 1999; Cruz, 2003; França et al., 2003; Fer-
reira et al., 2005; Cruz & França, 2006; Viveiros et al., 
2008; Cruz et al., 2010; Viveiros et al., 2010). 
The shallow submarine parts of the volcanic system 
have received relatively little attention, and are poorly 
studied when compared to some of the mid-ocean ridge 
systems (Bachraty et al., 2009). Shallow-water venting 
extends from the intertidal down to more than 200 m in 
depth and is, in general, typically characterized by free 
gas release and water efflux (Dando et al., 1995). At the 
Azores shallow-water vents occur along the islands and 
in seamounts (see Fig. 1). A detailed discussion of the  
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Figure 1 - Azores archipelago, showing the known shallow-water hydrothermal vents locations: (1) Lajedo; (2) Carapacho; (3) 

Varadouro; (4) Espalamaca; (5) D. João de Castro Bank; (6) Mosteiros (Beach); (7) Ferraria; (8) Porto Formoso; (9) 
Ribeira Quente (Lobeira); (10) Ribeira Quente (Beach). 

Figura 1 - Arquipélago dos Açores com a localização das fontes hidrotermais de superfície conhecidas: (1) Lajedo; (2) Cara-
pacho; (3) Varadouro; (4) Espalamaca; (5) Banco D. João de Castro; (6) Mosteiros (Praia); (7) Ferraria; (8) Porto For-
moso; (9) Ribeira Quente (Lobeira); (10) Ribeira Quente (Praia). 

 

differences between shallow-water and deep sea hydro-
thermal vent ecosystems is given by Tarasov et al. 
(2005). Temperatures at shallow vents, due to the lower 
boiling point, are not as high as in the widely-studied 
deep sea vents, which can exceed 277°C (Desbruyéres 
et al., 2001). Primary production at shallow depths is 
mainly generated by photosynthesis, while at deep-sea 
vents it is generated by chemoautotrophic or methano-
trophic microbes (Tarasov et al., 2005). 
In order to increase knowledge and better understand 
the functioning and the processes occurring at these pe-
culiar systems, different types of studies, with different 
aims and methodologies, have been published in a vari-
ety of scientific journals. This review, aimed at congre-
gating the dispersed published information on shallow-
water hydrothermal vents at the Azores, summarises the 
current published information on those systems since 
1985. 

2. Hydrothermal areas 

Degassing areas in the Azores are related to hydrother-
mal systems (Ferreira et al., 2005). Active shallow- 
 

water hydrothermal vent fields are found at the islands 
of Flores, Faial, Graciosa, São Miguel and at D. João de 
Castro Bank 
D. João de Castro Bank is one of the best studied sites. 
It is the remains of an island formed by a submarine 
eruption in 1720 (Daussy, 1830; Agostinho, 1941; 
Oliveira, 1943) that disappeared in 1722 (Daussy, 
1830). Back then the hydrothermal activity was already 
reported by navigators (Daussy, 1830; Agostinho, 1941; 
Oliveira, 1943) but only in 1941 the exact location of 
the bank was definitively established (Oliveira, 1943). 
This is one of the few Azorean vents that is not near 
any island shore, lying 36 nautical miles away from 
Terceira and 40 miles away from São Miguel islands 
(Santos et al., 2001). 
The majority of the other known vents in the Azores are 
located near or in the islands shores and are variable in 
shore height, depth, substratum composition and expo-
sition (Table 1). Even vents at the same island or at the 
same area can have different physical and chemical 
conditions. Some, e.g. Ferraria, Varadouro, Lajedo and 
Carapacho are known by their thermal baths. On São  
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Table 1 - Shallow-water hydrothermal vent sites studied in the Azores. 
Tabela 1 - Fontes hidrotermais de superfície estudadas nos Açores. 

Local Island 
GPS Coordi-

nates 
Depth (m) Seafloor References 

D. João de 
Castro Bank 

- 
N 38° 13’ 59˝ 
W 26° 37’ 59˝ 

18-45 Rock 

Aguiar & Costa, 2010; Ávila, 1997; 2007; 
Ávila et al., 2004; 2007; Boury-Esnault & 
Lopes, 1985; Cardigos et al., 2002; 2004;  
2005; Cardigos, 2002; 2006; Colaço et al., 
2006; D’Udekem d’Acoz & Wirtz, 1999; 
MBL, 2009; Mohandass et al., 2012; 
Raghukumar et al., 2008; Santos et al., 1996; 
2001; 2010; Sobrinho-Gonçalves & Cardigos, 
2006  

Lajedo Flores 
N 39°22´58˝ 
W 31°15´11˝ 

Intertidal Rock Aguiar & Costa, 2010; MBL, 2009 

Espalamaca Faial 
N 38°32´44˝ 
W 28°36´10˝ 

5-50 Sand Aguiar & Costa, 2010; MBL, 2009; Munaro et 
al., 2010 

Carapacho Graciosa 
N 39°00´45˝ 
W 27°57´32˝ 

Intertidal 
Rock and 
Boulders Aguiar & Costa, 2010; MBL, 2009 

Varadouro Faial 
N 38°33´51˝ 
W 28°45´35˝ 

Intertidal 
Rock and 
Boulders Aguiar & Costa, 2010; MBL, 2009 

Mosteiros 
(Beach) 

São Miguel 
N 37°53´12˝ 
W 25°49´26˝ 

Intertidal Sand Aguiar & Costa, 2010; MBL, 2009 

Ferraria São Miguel 
N 37°51´30˝ 
W 25°51´07˝ 

Intertidal Rock 

(Aguiar, 1999; 2005; Aguiar & Costa, 2010; 
Albuquerque et al., 2002; Carvalho et al., 
2009; 2011; Cruz et al., 2010; Cunha et al., 
2008; Freire, 2006; MBL, 2009; Moore et al., 
1995; Vedel & Depledge, 1995; Wallenstein 
et al., 2009a; 2009b; 2013; Weeks et al., 1995 

Ribeira Quente 
(Lobeira) 

São Miguel 
N 37°43´26˝ 
W 25°19´09˝ 

6-8 
Rock and 
Sand 

(Aguiar, 1999; 2005; Aguiar & Costa, 2010; 
Dionísio et al., 2013; MBL, 2009; Mendes, 
2008; Zillig et al., 1990; 1991 

Ribeira Quente 
(Beach) 

São Miguel 
N 37°43´46˝ 
W 25°18´30˝ 

Intertidal Sand 

(Aguiar, 1999; 2005; Aguiar & Costa, 2010; 
Ávila et al., 2007; Cunha et al., 2008; Huber 
et al., 1986; Manaia & Costa, 1991; Manaia et 
al., 1994; MBL, 2009; Nunes et al., 1992; 
Segerer et al., 1991 

Porto Formoso São Miguel 
N 37°49´18.8˝ 
W 25°27´25.2˝ 

Intertidal Boulders (Aguiar & Costa, 2010; Couto et al., 2010; 
2012; Wallenstein et al., 2009a; 2013 

 
Miguel Island, the vent sites Mosteiros, Ferraria, 
Ribeira Quente and Porto Formoso are in intertidal ar-
eas used by locals for leisure. 
Only two studies have been published on habitat map-
ping of Azorean hydrothermal vent fields. Santos et al. 
(2001) presented bathymetric maps and a general char-
acterization of the D. João de Castro bank. Munaro et 
al. (2010) mapped the shallow-water hydrothermal vent 
site of Espalamaca. 
Seven of the Azorean vent sites are located within areas 
subjected to some environmental protection, either 
within the Island Park delineation (e.g., Ferraria and 
Carapacho) or within the Azores Marine Park domain 
(e.g., D. João de Castro Bank). D. João de Castro 
seamount was classified as a Special Area of Conserva-
tion (SAC) and as a sensitive habitat under the “Subma-
rine structures made by leaking gases”. Espalamaca de- 
 

gasification low temperature hydrothermal field is also 
integrated in a larger protected area designated Baixa 
do Sul, recently classified as a SAC and integrated in 
the Faial's Natural Park (Aguiar & Costa, 2010). 
Lagedo (Flores), Carapacho (Graciosa), Ferraria (S. 
Miguel) and Ladeira da Velha (S. Miguel) were previ-
ously classified as Important Bird Areas (IBAs) and 
now Ferraria, Mosteiros, and Ladeira da Velha (Porto 
Formoso) on S. Miguel Island, as well as Espalamaca 
(Faial) are classified as Protected Areas for Resources 
Management within the framework of the respective 
Island Park premises (Aguiar & Costa, 2010). Carapa-
cho (Graciosa) and Lagedo (Flores) are classified as 
Protected Areas for Habitat or Species Management. 
The marine hydrothermal site of Varadouro (Faial) and 
Ribeira Quente (S. Miguel) are not included within the 
respective Islands Park limits (Aguiar & Costa, 2010).  
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However, these protection figures were not established 
to value and protect the hydrothermal ecosystems, but 
to protect other coastal systems and organisms (Aguiar 
& Costa, 2010). In fact, there aren’t clear indications of 
the uses and restrictions of the shallow marine hydro-
thermal sites. This information, however, should be 
provided and complemented with management plans 
for each area. 

3. Hydrothermal fluids 

3.1. Gas composition of fluids  

Data on the gas composition of shallow submarine hy-
drothermal vents in the Azores is only available for D. 
João de Castro Bank (Cardigos et al., 2005). Although 
there is no gas flux evaluation, the authors reported that 
the major gas component was CO2 (90%), with lesser 
H2S (9-36 ppm), H2 (19-21749 ppm), CH4 (0.0-84.2 
ppm) and the presence of He (Santos et al., 1996; Car-
digos et al., 2005). 

3.2. Water fluxes and solutes  

Water fluxes are formed by the venting of meteoric and 
seawater, which composition has been altered as a re-
sult of interactions with the sediments by elevated tem-
peratures and the entrainment of interstitial waters by 
the rising fluids. Rising gas bubbles can initiate water 
circulation within the sediment, so that the released 
water is recharged by overlying water (O'Hara et al., 
1995; Dando et al., 1999). Reports on this matter are 
restricted to D. João de Castro Bank and indicate flow 
rates of venting water of 773 and 787 mL/min in Sep-
tember 1999 (Cardigos et al., 2005). This work is an 
important milestone for shallow-water hydrothermal 
vent studies in the Azores as it provides information on 
water chemistry from shallow-water hydrothermal vents 
and a physical characterization of the vent surround-
ings. It distinguishes two main types of vents: “white” 
vents (due to the presence of a white bacterial mat, 
mainly an attached form of Beggiatoa TREVISAN) and 
“yellow” vents (due to an amorphous material border-
ing the vents with no evidence for crystalline mineral 
phases), characterized by different physical and chemi-
cal properties (Cardigos et al., 2005). 
Further research on the subject is restricted to the col-
lection of physical and chemical data from several vents 
performed in the course of the International Census of 
Marine Microbes (ICoMM), and made available online 
(MBL, 2009). 
Available data on temperatures at the fluid outlets and 
other physical and chemical parameters of shallow 
submarine vents in the Azores revealed that they are 
very variable [Supplementary Information - Annex I] 
and for same cases, different from the surrounding sea-
water environment (e.g. pH) (Instituto Hidrográfico, 
2000). 

Vents at the same island or at the same area have differ-
ent physical and chemical parameters. This represents 
one of the characteristics of shallow water hydrothermal 
vents: their singularity (therefore unreplicated). Each 
vent is associated to a specific substratum type and 
depth, and the physical and chemical properties of the 
fluid can be quite variable (Melwani & Kim, 2008). 
Even the temperature range can be of considerable 
magnitude (Vedel & Depledge, 1995; Wallenstein et 
al., 2013). The majority of the data concerns to physical 
data, revealing the need for more studies regarding 
chemical water analysis and dissolved gases (e.g. CO2). 

4. Biota 

4.1. Microorganisms  

Microbial investigations on the shallow hydrothermal 
vents at the Azores  were mainly directed to bacteria 
(Huber et al., 1986; Zillig et al., 1990; Manaia & Costa, 
1991; Segerer et al., 1991; Zillig et al., 1991; Nunes et 
al., 1992; Manaia et al., 1994; Aguiar, 1999; 2005; Al-
buquerque et al., 2002; Cardigos, 2002; Cardigos et al., 
2004; 2005; Raghukumar et al., 2008; MBL, 2009; 
Aguiar & Costa, 2010; Zinger et al., 2011; Mohandass 
et al., 2012) with the selective isolation of chemosyn-
thetic and thermophilic bacteria (see Table 2). A few 
studies were devoted to Fungi and Protists (Colaço et 
al., 2006; Raghukumar et al., 2008). 
Huber et al. (1986) described an anaerobic, extremely 
thermophilic eubacterium (Thermotoga maritime HU-
BER), isolated from geothermally heated sea floors in 
Ribeira Quente (SE coast of São Miguel island), repre-
senting a new genus and a new species. Segerer et al. 
(1991) described the bacteria genus Stygiolobus 
SEGERER from the same location, pointing that “it 
may be that the genus Stygiolobus is a very rare and 
possibly even an endemic genus in the Azores”. Zillig 
et al. (1990) isolated and described the metabolism and 
phylogeny of a hyperthermophilic bacteria from a mod-
erately active submarine hydrothermal area also at 
Ribeira Quente, at a depth of about 9 m, 200 m away 
from a steep, rocky shore from São Miguel Island that 
was later classified as Hyperthermus butylicus ZILLIG 
(Zillig et al., 1991). 
Manaia & Costa (1991) described the phenotypic char-
acteristics of several bacterial isolates from the same 
area, demonstrating a relationship, at a low similarity 
level, between the marine and the terrestrial bacterial 
strains, suggesting that the exchange of these halotoler-
ant strains between nearby marine and terrestrial hot 
springs is probably frequent. 
The isolation and characterization of Rhodothermus 
ALFREDSSON strains from shallow marine hot 
springs at Ribeira Quente was performed by Nunes et 
al. (1992). Later, Manaia et al. (1994) studied the 
halotolerant Thermus thermophilus (ex Oshima &  
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Table 2 - Microbial species isolated from hydrothermal sites in the Azores. 
Tabela 2 - Espécies microbianas isoladas em locais com atividade hidrotermal nos Açores. 

Species References 
Bacteria  
Thermotoga maritime Huber Huber et al., 1986 
Hyperthermus butylicus Zillig Zillig et al., 1990; 1991) 
Stygiolobus azoricus Segerer Segerer et al., 1991 
Rhodothermus Alfredsson Nunes et al., 1992 
Thermus thermophiles (ex Oshima & Imahori) Manaia Manaia et al., 1994 
Albidovulum inexpectatum Albuquerque Albuquerque et al., 2002 
Beggiatoa sp. Trevisan Cardigos, 2002; 2006; Cardigos et al., 2004; 2005 
Alcaligenes faecalis Castellani & Chalmers 
Bacillus flexus (ex Batchelor) Priest et al. 
Bacillus licheniformis (Weigmann) Chester 
Bacillus subtilis (Ehrenberg) Cohn 
Brevibacterium casei Collins et al. 
Halomonas sp. Vreeland et al. emend. Dobson & Franzmann 
Micrococcus luteus (Schroeter) Cohn 
Pseudoalteromonas sp. Gauthier et al. emend. Ivanova et al. 
Staphylococcus arlettae Schleifer et al. 
Staphylococcus cohnii Schleifer & Kloos 
Staphylococcus succinus Lambert et al. 
Yersinia sp. Loghen 

Mohandass et al., 2012 

Fungi  
Aspergillus sp. Micheli 
Cladosporium sp. Lindau Raghukumar et al., 2008 

Protists  
Ulkenia sp. Gaertn Raghukumar et al., 2008 

 
Imahori) Manaia. These extreme thermophile and 
halotolerant species indicate a specific capacity of adap-
tation to the extreme environment (Manaia & Costa, 
1991) that can promote speciation even to Genus level 
(Huber et al., 1986; Zillig et al., 1990; Segerer et al., 
1991; Zillig et al., 1991; Albuquerque et al., 2002). 
After the analysis of several bacterial isolates recovered 
from the marine hot spring of Ferraria by Albuquerque 
et al. (2002) the new species Albidovulum inexpectatum 
Albuquerque was proposed. 
Aguiar (1999) made a preliminary characterization of 
intertidal and subtidal microbial communities, comple-
mented with a study on the microbial ecology of 
Azorean hot springs (Aguiar, 2005). This later work re-
port that microbial communities are very different be-
tween sites and that a more continuous sampling effort 
is necessary to better understand the nature of the mi-
crobial community composition in these shallow-water 
marine vents. 
Mohandass et al. (2012) studied the bacterial diversity 
and their adaptations to the shallow-water hydrothermal 
vents and reported specific physiological changes that 
are likely to be adaptations to that environment. These 
authors alerted to their potential use in biotechnological 
applications. Specific physiological changes were also 
reported to other groups like Fungi and Protists (Colaço 
et al., 2006; Raghukumar et al., 2008) 

According to Albuquerque et al. (2002), the water tem-
perature of the vents drops very rapidly in contact with 
seawater and it is likely that the organisms colonize the 
geothermal aquifer or the porous lava before the hydro-
thermal water is released into the seawater. The extreme 
occurrence of Bacillus sp. found at D. João de Castro 
Bank was related to the ability of these organisms to 
form spores, thus enabling them to withstand a wide 
range of environmental conditions like temperature and 
pH (Mohandass et al., 2012). 

4.2. Fauna and flora  

Different approaches have been made to the study of 
the fauna and flora of the Azorean vents (Table 3) but, 
in general, these organisms are similar to those of other 
coastal and seamount areas of the archipelago (Cardigos 
et al., 2005). 
Ávila (1997) published a list of the marine molluscs 
collected at 30 m depth at D. João de Castro Bank. 
D’Udekem d’Acoz & Wirtz (1999) published a list of 
animal species identified at the same area and com-
mented that the studied area was "impoverished" when 
compared to other sites at similar depths, probably due 
to the “toxic environment” of the vent. A similar com-
ment was made by Ávila et al. (2004) when comparing 
marine molluscs composition between shallow-water 
hydrothermal vent sites with other sites at similar  
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Table 3 - Taxonomic groups studied at shallow-water hydrothermal vents in the Azores. 
Tabela 3 - Grupos taxonómicos estudados em fontes hidrotermais de superfície nos Açores. 

Taxonomic 
Group References 

Algae Ávila et al., 2004; Cardigos, 2002; Cardigos et al., 2004; 2005; Colaço et al., 2006; Couto et al., 2010; Santos et al., 
1996; Wallenstein et al., 2009a; 2009b; 2013 

Porifera Boury-Esnault & Lopes, 1985; Cardigos et al., 2004; 2005; Cardigos, 2002; Colaço et al., 2006; D’Udekem d’Acoz 
& Wirtz, 1999; Santos et al., 1996) 

Bryozoa Cardigos et al., 2004; Cardigos, 2002; Santos et al., 1996 

Cnidaria Cardigos, 2002; Cardigos et al., 2004; 2005; d’Acoz & Wirtz, 1999; Santos et al., 1996) 

Ctenophora Cardigos, 2002; Cardigos et al., 2004; 2005; d’Acoz & Wirtz, 1999) 

Annelida Cardigos, 2002; Cardigos et al., 2004; 2005; d’Acoz & Wirtz, 1999; Santos et al., 1996; Colaço et al., 2006 

Arthropoda Cardigos, 2002; Cardigos et al., 2004; 2005; d’Acoz & Wirtz, 1999; Santos et al., 1996; Dionísio et al., 2013; Moore 
et al., 1995; Weeks et al., 1995) 

Echinodermata Cardigos, 2002; Cardigos et al., 2004; 2005; d’Acoz & Wirtz, 1999; Santos et al., 1996;  

Diatoms Colaço et al., 2006; Raghukumar et al., 2008 

Mollusca Ávila, 1997; 2007; Ávila et al., 2004; 2007; Cardigos, 2002; Couto et al., 2012; Cunha et al., 2008; d’Acoz & Wirtz, 
1999; Santos et al., 1996; Vedel & Depledge, 1995) 

Tunicata Cardigos et al., 2004; Cardigos, 2002; d’Acoz & Wirtz, 1999) 

Pisces Cardigos et al., 2004; Cardigos, 2002; d’Acoz & Wirtz, 1999; Santos et al., 1996; Sobrinho-Gonçalves & Cardigos, 
2006) 

Reptilia Cardigos, 2002; Cardigos et al., 2004  

Aves Cardigos, 2002; Cardigos et al., 2004  

Mamalia Cardigos, 2002; Cardigos et al., 2004  

Meiobenthos Mendes, 2008 

 
depths. Further research by the same authors (Ávila et 
al., 2007) revealed differences not only in terms of 
presence/absence, but also in species densities with a 
lower number of species and lower densities at the stud-
ied hydrothermal vents sites. 
A comparative study between meiobenthic communities 
affected by hydrothermal activity and a control site 
without such influence (Mendes, 2008), concluded that 
the hydrothermal site has more or less the same compo-
sition as non-hydrothermal sites but with lower abun-
dances. 
Recently, Wallenstein et al. (2013) gave an account of 
the habitat characteristics and associated intertidal sea-
weed communities subjected to shallow-water hydro-
thermal activity in the Azores. Seaweed communities 
were found to be species poor and to have a dispropor-
tionally larger number of filamentous early successional 
species. The authors pointed to the remarkable ecologi-
cal resemblance between the studied communities and 
those affected by an acid mine drainage in the UK. 
Their study suggested that hydrothermalism could be a 
useful scenario for pollution studies under conditions of 
ocean warming and acidification. 

5. Vent effects on the biota 

Moore et al. (1995) and Vedel & Depledge (1995), ana-
lysed the copper (Cu) and zinc (Zn) concentrations on,  
 

respectively amphipods and limpets living on hydro-
thermal vents. Moore et al. (1995), analysing the whole 
body concentration, found a general increase of Cu and 
Zn concentrations in four species of talitroid amphi-
pods, remaining to be shown whether this is a species 
characteristic, or an effect resulting from the volcanic 
origin of the islands. Vedel & Depledge (1995) found 
that the essential trace metals, Cu and Zn (important co-
factors in the functioning of many enzymes), occurred 
at significantly higher concentrations in the tissues of 
limpets from the thermal vent population, consistent 
with the higher enzymic concentrations found in organ-
isms as result of metabolic adaptive responses to high 
temperatures. These later authors examined intras-
pecific differences in thermal tolerance in different 
populations of marine snails and limpets from rocky 
shores and from the vicinity of a thermal vent and veri-
fied that there was a tendency for a greater thermal tol-
erance in individuals from the hot spring site. 
Cunha et al. (2008), in a study aimed to evaluate the 
bioavailability of metals in the Macaronesian endemic 
limpet Patella candei gomesii DROUET living close to 
shallow-water hydrothermal vents, reported modifica-
tions in the organisms morphometry, higher metal con-
centrations (Cs, Co Cu, Mn, Rb, and Zn), and more 
prevalent apoptotic nuclei. Abnormal shells on limpets 
living at intertidal hydrothermal vents were also found  
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by (Couto et al., 2012) as a result of the higher acidity 
of the vent locations, providing evidences that limpets 
are sensitive to such environmental changes and there-
fore have an enormous potential to be used as sentinel 
organisms of ocean acidification. 
Trace metal bioavailability evaluation on barnacles 
(Chthamalus stellatus POLI) by Weeks et al. (1995) 
revealed high levels of Zn and Cd in the organisms 
from the Ferraria vent. 
Colaço et al. (2006), in a study aimed at evaluating 
trace metal concentrations in species of macroalgae and 
sponges and the tolerance of microorganisms (protists 
and bacteria) to trace metals, produced baseline data on 
metal content for the studied organisms and concluded 
they were well adapted to the metal enriched waters of 
the study site (D. João de Castro). 
Wallenstein et al. (2009a) compared the accumulation 
of a selected pool of chemical elements by common 
intertidal macroalgae from three distinct situations act-
ing on rocky shore locations around São Miguel Island: 
pristine shores, urbanized coasts, and coasts subjected 
to shallow-water hydrothermal activity. Results re-
vealed that the algae from the hydrothermally active 
had higher concentrations of the metals Mn, Rb and Zn, 
indicating these organisms could be used as bioindica-
tors of heavy metal enrichment. A subsequent research 
by the same authors (Wallenstein et al., 2009b), studied 
the effect of exposure time on the bioaccumulation of 
certain elements by Cystoseira abies-marina 
(GMELIN) AGARDH specimens subjected to shallow-
water hydrothermal activity and concluded that this 
species could be used as a tool to monitor water quality 
in the Azores. High levels of metal accumulation (Zn, 
Rb and Mn) and morphometric changes were also re-
ported by Couto et al. (2010) for the calcareous alga 
Corallina elongata ELLIS ET SOLANDER from shal-
low vents. 

6. Conclusions and directions for future research 

Research on shallow-water hydrothermal vents con-
firmed that organisms that live in such environments as 
hydrothermal vents are chronically exposed to ‘‘natural 
thermal pollution”, high metal concentration (Hansell et 
al., 2006), as well as to acidified seawater adjacent to 
hydrothermally active areas due to the diffusion of 
acidic volcanic gases (mainly CO2) (Cruz & França, 
2006). In some of the shallow vents a water input with 
lower salinity was reported (Dando et al., 1995; Dando 
et al., 1999; Biasi et al., 2004) (see Table 2). In Ladeira 
da Velha a freshwater input (small stream) is visible 
running from land to the seawater (Couto et al., 2010; 
Couto et al., 2012). Extreme environments can result in 
a depletion of some of the species present in the sur-
rounding areas, except the ones that exhibit some toler-
ance to extreme conditions (Melwani & Kim, 2008),  
 

which is reflected in differences on species number and 
abundances (D’Udekem d’Acoz & Wirtz, 1999; Ávila 
et al., 2004; Ávila et al., 2007; Mendes, 2008). 
Research has also documented that organisms can de-
velop physiological adaptations in extreme envi-
ronments (Manaia & Costa, 1991; Vedel & Depledge, 
1995; Cardigos et al., 2006; Raghukumar et al., 2008; 
Couto et al., 2010; Mohandass et al., 2012). Metal con-
tent on species from vent areas was reported to be asso-
ciated with volcanic activity (Cardigos et al., 2005; Co-
laço et al., 2006; Cunha et al., 2008; Wallenstein et al., 
2009a; Wallenstein et al., 2009b), and the species able 
to survive at those conditions are indicated as potential 
useful bioindicators for metal accumulation studies at 
the Azores (Cunha et al., 2008; Wallenstein et al., 
2009b; Couto et al., 2010; Couto et al., 2012). Calcar-
eous organisms (e.g. coralline algae, corals, echino-
derms or molluscs, among others), chronically exposed 
to conditions that promote the dissolution of their calci-
fied structures/ components were indicated as potential 
sentinel species for studying the effects of increasing 
temperature and acidification on marine organisms 
(Hall-Spencer et al., 2008; Marshall et al., 2008; Martin 
et al., 2008; Couto et al., 2010; Couto et al., 2012). 
These findings are particularly important in recent times 
when ocean acidity is becoming a major concern (Hall-
Spencer et al., 2008; Marshall et al., 2008; Martin et 
al., 2008; Riebesell, 2008; Riebesell et al., 2010). 
Available data on the fluid analysis (Cardigos et al., 
2005; Cruz & França, 2006) (see Annex I [Supplemen-
tary Information / Informação Suplementar]), is insuffi-
cient and further information is needed on metals con-
centration in the sediments and seawater and on the 
geochemistry of fluids from active shallow-water hy-
drothermal systems. Particle and fluid fluxes, especially 
CO2 flux, which has implications on acidity, also de-
serve attention. 
Research on the productivity of shallow-water vent 
areas at the Azores and on food chains and interactions 
between trophic levels at these environments will con-
tribute to a better knowledge of metal bioavailability, 
accumulation and biomagnification. This research 
should be complemented by investigations directed to 
the venting periodicity and episodicity and metal depos-
its resulting from hydrothermalism. 
The signs of chronic stress reported for some organisms 
from the studied shallow-water hydrothermal vents 
(Colaço et al., 2006; Cunha et al., 2008; Mendes, 2008; 
Raghukumar et al., 2008; Couto et al., 2010; Couto et 
al., 2012; Mohandass et al., 2012) seems to result in 
modifications on their morphometry and internal com-
position that can promote speciation (Huber et al., 
1986; Zillig et al., 1990; Segerer et al., 1991; Zillig et 
al., 1991; Albuquerque et al., 2002). The ways or tools  
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that organisms found in order to survive in extreme en-
vironments should be explored by biotechnology. 
In conclusion, a review of the available published in-
formation made in the present study reveals that, des-
pite all what has been done, a deeper knowledge is 
needed, encompassing a better characterization, of the 
vents and organisms living there, complemented by ac-
curate maps. This would establish a baseline for the 
urgently needed effort that should be done to create 
specific protection figures to all Azorean shallow ma-
rine hydrothermal ecosystems and their surroundings. 
This would increase the value of the Azorean vents as 
natural laboratories to the implementation of multidis-
ciplinary research aimed at contributing to predict 
and/or to infer about ocean acidification effects on ma-
rine organisms and communities. 

Appendix 

Supporting Information associated with this article is avail-
able on-line at http://www.aprh.pt/rgci/pdf/rgci-
584_Couto_Supporting-Information.pdf 
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