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Abstract: The deep sea is the vastest environment on Earth and provides many services and goods.
Understanding the services and goods of deep-sea ecosystems would enable better resource gover-
nance and decision-making. In the present study, we reviewed and assessed deep-sea ecosystems
services using the Ma conceptual framework, which incorporates ecosystems services and goods with
human welfare. We also analyzed and measured the scientific production between 2012 and 2021
using the Dimension dataset. The bibliometric analysis showed a lack of studies related to deep-sea
ecosystem services, which suggest the urgent need to overcome the existing knowledge gap regarding
deep-sea components. However, the current knowledge revealed the crucial role that these ecosystems
provide to the planet. Furthermore, we highlighted that there are common services and goods, and
every ecosystem service feeds into another one. Developing actions and policies based on approaches
that combine all deep-sea ecosystems services and goods are needed for the sustainable growth of the
deep-sea economy in accordance with the United Nations Development Goal 14: Life Below Water.

Keywords: Ma conceptual framework; Dimensions; bibliometric study; ocean conservation; environ-
mental impact assessment; sustainable growth; blue economy

1. Introduction

The deep sea is the most extensive environment on the Earth and is defined as the
water column and seafloor below 200 m water depth [1]. Until the first half of the 19th
century, the ocean was considered devoid of life below 500 m and was viewed as a dark,
huge and inhabitable environment. The subsequent outstanding scientific discoveries have
not only shown that the ocean is the largest biome on Earth but also that the deep sea
plays a crucial role as it provides many ecosystem services and goods by driving the global
biogeochemical cycle of elements and nutrient regeneration [2-5], which allows the ocean
to maintain its primary and secondary production [6,7]. In addition, the deep sea contains
a wide variety of habitats (e.g., abyssal plains, mid-ocean ridges, seamounts, canyons,
hydrothermal vents, mesophotic and deep-water coral reefs and cold seeps) and supports
the highest biodiversity of species on Earth [8,9].

The deep seafloor also presents many resources, including fish, gene mines, oil, gas
and metals of economic interest. Therefore, the deep sea provides highly valuable services
for human well-being [10-12]. Understanding the importance of every component of
deep-sea ecosystems can help to overcome the existing gap in knowledge, especially under
the continuous growth of human activities in the deep sea, which requires the assessment
of their impacts on the overall ecosystem health.

The ecosystem services (E.S.) concept comprises ecological functions (e.g., climatic
adaptation) and social and economic values (e.g., food security, job creation) that promote
human well-being. This approach has been applied, for example, to assess the value and
quantify the E.S. of lagoons and wetlands, as well as to coastal water management [13-19].
Even though the deep sea represents the largest ecosystem [20], few studies have attempted
to apply and assess E.S. there [4,11,21].
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Deep-sea E.S. comprise the provisioning of services as discussed above, such as indus-
trial agents and fish catch, regulating services such as climatic and biological regulation
and cultural services such as aesthetics and inspiration for the arts. Several studies have
shown that deep-sea ecosystems support a large variety of habitats and a wide array of
faunal communities with various functions. These complex communities are threatened by
the growth of human activities targeting precisely these provided ecosystem services [22].
For instance, it was reported by UNEP [23] that 6.4 million tonnes of litter enter the ocean
yearly; this waste can float in the water surface and accumulate on the deep-sea floor
as the final global receptor of microplastics [24]. A high density of litter is found in sub-
marine canyons while waste resulting from fishing activities is common on ocean ridges,
seamounts, banks and mounds according to a study carried out in European seas [25]. The
considerable amounts of litter accumulating from human activities most certainly have
harmful impact on marine habitats, communities and functions.

Similarly, bottom-trawling is reported as a harmful activity, causing habitat destruction
and fauna loss (target and non-target species), such as in seamounts where communities of
sessile fauna are heavily affected by bottom-trawling [26]. Deep-sea oil and gas drilling
infrastructures are also reported to have effect on different size classes of the benthic
community including meio-, macro- and megafauna, leading to changes in diversity,
density and biomass [27]. However, insufficient knowledge regarding life below 200 m
(e.g., habitat distribution, species identities, ecosystem function and structure, etc.) make
the impact assessment of hydrocarbon exploitation very difficult.

To date, few studies have investigated deep-sea ecosystem services compared to
shallower water. According to Jobstvogt et al. [10], there is a vast gap between the con-
siderable concern that deep-sea scientists have and the transfer of this knowledge and
understanding to decision makers and the wider public. The same authors link this gap
of knowledge to the complexity of the marine ecosystem and a lack of awareness toward
deep-sea environments and ecology. In the present study, we sought to fill the existing
gap by analyzing and synthesizing the available scientific literature and identifying the
services and goods provided by the deep sea, which allows us to define the social and
economic value of deep-sea conservation. Such knowledge will be useful for assessing how
economic activities (e.g., oil and gas exploitation) may disturb the physical and biological
marine environment.

Therefore, we investigated the available literature related to deep-sea ecosystems
services and goods in order to:

—  provide an overview of the studies focused on deep-sea E.S. carried out between 2012
and 2021 using VosViewer, a bibliometric tool;

—  review and define the deep-sea services and goods;

—  define the potential impact of provisioning services on biodiversity and functions;

—  combine and assess the impact of deep-sea products used by humans on supporting,
regulating and cultural services.

2. Materials and Methods
2.1. Bibliometric Analysis
2.1.1. Dimensions

In the bibliometric analysis of the present study, the database was sourced from Di-
mensions (https:/ /www.dimensions.ai/, accessed on 7 August 2021). We have chosen this
bibliographic database because it provides big data and is considered an excellent alterna-
tive to Web of Science (WoS) and Scopus in terms of coverage of many subject types [28].
Dimensions covers above 105 million publications [29] and other types of records, including
patents, awarded grants, clinical trials, scientific publications (papers, books, chapter books
and conferences proceedings), policy reports and Altmetric attention data [30].

The Dimensions database was launched in 2018 by Digital Sciences [30]. This database
uses a freemium model where the browsing functionalities and basic search are free and acces-
sible, while advanced functionalities such as application programming interface (API) access
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are premium [28]. Several recent bibliometric studies were carried out by using Dimensions
as a source for analyzing literature data and comparing different databases [28,29,31-34].
The parameters of our search query are as follows:

e  Date range: 2012-2021;
e  Publication type: “article”, “policy document”, “chapter”, “articles”, “edited book”,
“proceeding”, “preprint”;
e  The query search was performed on 8 August 2021.
The number of publications in each category recorded between 2012 and 2021 for
the research fields related to deep-sea ecosystem services are mainly the biological, envi-
ronmental and Earth sciences, as shown in Figure 1. This reflects the growing interest in

studying the biological and environmental aspects of the deep sea.
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Figure 1. Free screenshot of number of publications in each research category, source: https://app.
dimensions.ai. Exported 9 August 2021. Criteria text: “deep sea ecosystem services” in full data.
Publication Year: 2012-2021.

2.1.2. VOSviewer

VOSviewer (https://www.vosviewer.com/, accessed on 7 August 2021) is a software
intended to analyze bibliometric networks and create maps based on these networks,
allowing the user to visualize and explore these maps according to the network data [35].
A map can be established based on already available network data. The software can
construct networks of scientific journals, publications, researchers, research organizations,
countries, terms or keywords. To build the networks, bibliographic database files (such as
Scopus, Web of Sciences, Dimensions, lens, etc.) and reference managers (such as EndNote,
RefWorks files) can be provided as input to VOSviewer.

VOSviewer provides three visualizations maps: (i) the network visualization, (ii) the
overlay visualization, and (iii) the density visualization.
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2.2. Literature Review

In addition to the use of the Dimensions database, we conducted a literature review
by utilizing available online databases and internet search tools including Science Direct,
WoS, Researchgate and Google Scholar to build a bibliographic database based on peer-
reviewed scientific publications, theses and non-peer-reviewed consultancy, books, policy
and technical policy reports comprised of 200 files and documents. The literature search was
initially focused on studies related to anthropogenic disturbances and environmental impact
assessment of human activities in the deep sea and then was narrowed down on each deep-
sea ecosystem service and the impact of every provisioning service on supporting, regulating
and cultural services. Therefore, we conducted the searches by using the keywords “deep-
sea”, “ecosystem services”, “blue growth” and “pollution impact”. The keywords were
utilized either in combination or singularly. As mentioned above, information was retrieved
from different databases and also from the International Seabed Authority (ISA) technical
and policy reports and the International Union for Conservation of Nature (IUCN) web
resources, which contained data and information relevant to this study.

2.3. Ma Conceptual Framework

The Millennium Ecosystem Assessment (Ma) is a conceptual framework established
with the participation of governments, non-governmental organizations, the private sec-
tor and scientists to deliver an integrated assessment of the consequences of ecosystem
changes on human well-being. Other frameworks for the classification and identification
of ecosystem services were developed after the establishment of the Ma framework [36]
such as the UN Common International Classification of Ecosystem Services (CICES), the
Economics of Ecosystems and Biodiversity (TEEB) and the Intergovernmental Platform on
Biodiversity and Ecosystem Services (IPBES) [37-39].

Thus, the Ma conceptual framework was designed to assess ecosystems that integrate
ecosystems services and goods with social systems [36] and investigate the available options
to improve the conservation and maintenance of ecosystems services and goods. The
Ma conceptual framework has allowed reviewing, examining and understanding how
environmental changes can affect the ecosystem and human welfare [40]. This ecosystem
services framework was widely used in publications related to the assessment of the marine
ecosystem services and human welfare [3,10,37,41-43], but it is narrowly applied to the
deep-sea environment. The Ma framework includes four categories (Figure 2): supporting
(e.g., primary production, photosynthesis, nutrient cycling), provisioning (e.g., food, genetic
resources), regulating (e.g., climate regulation, pollination, natural hazards regulation) and
cultural services (e.g., spiritual and religious value, educational value) [36,44].
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Figure 2. Description of the four categories of the Ma conceptual Framework (adapted from Ma, 2005) [36].
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3. Results
3.1. Bibliometric Analysis Using VOSviewer

A total of 95% (215,128 publications) of the publications relating to our search query
in Dimensions were book chapters, articles, edited books, monographs, proceedings,
preprints, policy documents, patents and datasets (Figure 3). A total of 48,135 research
studies were published in 199 journals, mostly in PLOS One (N = 1538; 3%), Science of
the Total Environment (N = 1472; 3%); Lecture Notes in Computer Science (N = 122; 2%); and
Frontiers in Marine Science (N = 1219; 2%). These results are consistent with Costa et al.
(2020) [45], who analyzed deep-sea biodiversity using the science mapping approach to
provide a systematic and global bibliometric analysis about the studied topic.

Datasets 4 0.3% .
Patents {f 1 % -
Policy documents 3.07% =

Preprints il 0.79% -

Proceedings 1.01% -

Monographs —:I] 4.73% ‘
Edited Book —:-j 8.53% -
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0 20,000 40,000 60,000 80,000 100,000 120,000

Figure 3. The percentage and type of documents corresponding to our search query for deep-sea and
ecosystem services.

The visualization map of the documents published between 2012 and 2021 (Figure 4a)
shows the range of keywords and their co-occurrences related to deep-sea ecosystem ser-
vices. Co-occurrences are utilized to understand the underlying patterns of the document
set under investigation [46].

In total, 291 terms were presented and grouped into 5 clusters, with 29,643 links and a
total link strength of 307,534. The main keyword co-occurrences for the red cluster (red
circles in Figure 4a) are management (co-occurrence: 611), approach (co-occurrence: 654),
ecosystem services (co-occurrence: 562) and assessment (co-occurrence: 475), followed
by the green circles, for which the main keywords are diversity (co-occurrence: 636),
abundance (co-occurrence: 592), concentration (co-occurrence: 565) and sediment (co-
occurrence: 480). The main topic corresponding to the third cluster (blue circles) is climate
change, where the main keywords are temperature (co-occurrence: 478) and warming (co-
occurrence: 122). The main keywords related to the yellow cluster are carbon sequestration
(co-occurrences: 240) and sea-level rise (co-occurrences: 176). The fifth cluster is mainly
related to biodiversity (co-occurrence: 566), biomass (co-occurrence: 400) and ecosystem
function (co-occurrence: 218).

Each cluster covers the following topics:

(i) The ecosystem services and goods, management and assessment tools and ap-
proaches cluster (red cluster in Figure 4a; 98 terms) reveals that the studies on ocean gover-
nance and conservation and the assessment of deep-sea ecosystem services are relatively
advanced. Such studies mainly focus on laws and regulations regarding the exploration
and exploitation of deep-sea resources, especially oil and gas and deep-sea minerals. How-



Sustainability 2021, 13, 12478

6 of 26

ever, the occurrence of keywords such as “knowledge” (co-occurrence: 286), “knowledge
gap” (co-occurrence: 58), “gap” (co-occurrence: 110), “challenge” (co-occurrence: 242) and

“uncertainty” (co-occurrence: 111) demonstrate that researchers are still investigating how

to overcome the lack of knowledge related to the field of “deep-sea ecosystem services”,
which is the main concern against, for instance, the development of deep-sea mining.

(ii) The deep-sea sediments, contamination and microplastic pollution cluster (green
cluster in Figure 4a; 82 terms) mainly refers to studies related to deep-sea sediments analysis
and contamination assessment. Such studies focus on texture, organic matter; carbonate
content, geochemical composition (e.g., heavy metals), oil spills and contamination and
nano- and micro-plastic pollution in deep-sea sediments.

(iii) The deep-sea role in climate change mitigation, ocean warming and temperature
increase impact on marine animals cluster (blue cluster in Figure 4a; 67 terms) groups
studies related to climate change impact on deep-sea fauna (e.g., migration, mortality rate).
In particular, these studies aim to evaluate the impact of climate change on the Antarctic
deep-sea life.

(iv) The fourth cluster (yellow cluster in Figure 4a; 31 terms) is about the impact of
ocean chemistry variability and sea-level rise on carbon cycling, using sediment cores and
stable isotopes to highlight changes and variations of the global carbon cycle.

(v) The biomass and biodiversity cluster (purple cluster in Figure 4a; 13 terms) identi-
fies scientific research carried out to understand the ecosystem functioning by analyzing
the species richness and composition.

Figure 4b displays the network map of the topic trend based on the keywords used
from 2017 to 2021. This map is called overlay visualization, and the color bar shows the
current scientific production. Purple keywords (e.g., ecosystem services, biodiversity) have
been published in 2017, while green circles show that terms such as sediment, concentra-
tions, abundance and conservation characterize the research work published in 2018. The
more recently published works (between 2019 and 2020) mainly focus on micro-plastics,
pollution and bacterial communities. However, the studies published in 2019 and 2020
show a small size circle reflecting the slight weight of items (keywords), which means
that these fields are not well-studied while their occurrence proves there is a trend toward
studies on micro-plastic pollution.
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Figure 4. (a) Visualization map based on publication-weights, (b) visualization overlay map showing the current scientific

production (2017-2021). The circle size is proportional to the number of published studies related to the items (terms or

keywords), while the line represents the link between every item. The link between every term is strong when the line is short.

Figure 5 presents the density view map of the most important keywords related to
deep-sea ecosystem services. Each keyword density relies upon the weight and number
of neighboring keywords. Accordingly, a greater number of neighboring keywords and
shorter distances between them indicate higher density, which results in a more intense
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color [35]. The keywords “ecosystem services”, “abundance” and “approach” present high
density, indicating that these keywords have a strong link with other keywords. In other
words, this suggests that the higher the density, the more advanced and well-studied the
research on that specific topic is [47-49]. In addition, it is reasonable to assume that the
concern and requests for the management and conservation of deep-sea ecosystem services
and goods are continually growing. Few keywords occupy the red area; almost all the
keywords occupy orange and green areas, including “deep-sea”, suggesting that the main
research fields are very few.
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Figure 5. Density view map based on total link-weights.

It is worth noting that in comparison with the visualization map, we found that our
research query “ecosystem services” (co-occurrence: 562) is linked to keywords “manage-
ment”, “conservation”, “restoration”, “challenge” and “gap knowledge”, among others,
with 282 links and a total links strength of 9601. The item “deep-sea” (co-occurrence: 133)
is mainly linked to the keywords “gene”, “taxa” and “depth”, with 220 links and a total

link strength of 1909.

3.2. Evaluation of Deep-Sea Services

Deep-sea goods and services must be first identified and characterized in order to
quantify their benefits for human well-being. Human profit should note the environmental
component given that any change in an ecosystem will affect the sustainability of the
provided services and goods. As previously said, few studies have examined deep-sea
services because of the knowledge gap related to the functions, biodiversity and life in deep-
sea ecosystems. The first study that analyzed deep-sea services and goods was carried out
by Armstrong et al. [4] and highlighted the crucial role played by the deep sea in the global
biogeochemical cycle. Jobstvogt et al. [10] reported the need for a better communication of
the deep-sea ecological value to decision makers and the wider public for achieving ocean
conservation targets, especially considering the general lack of knowledge and awareness
about the deep-sea environment.
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Currently, there is an increasing interest in exploring and exploiting deep-sea resources
such as minerals, which carry a considerable economic potential [50-53]. Thus, defining
the supporting services of the deep-sea ecosystem that include habitats (e.g., seamount,
abyssal plain, etc.) and biogeochemical cycling will allow researchers to quantify, on one
hand, the benefits of these ecosystems and, on the other hand, to predict the potential risk
of products used by humans and obtained from the habitat (provisioning services) such as
the extraction of minerals.

As illustrated in Figure 6, deep-sea ecosystems provide a wide variety of services to
human welfare, which supports direct (provisioning, regulating and cultural services) and
indirect (supporting services) services [4].

3.2.1. Supporting Services
Habitat

The deep sea is the most extensive habitat and covers about 300 million km? and
provides a wide variety of physical habitats such as abyssal plains, hydrothermal vents
and seamounts [54], where millions of known and unknown species live. Consequently,
the estimation of the number of species living in the deep sea is unattainable due to the
lack of knowledge related to the ecology and biodiversity of the deep sea. However, the
development of technologies used in ocean exploration is supposed to increase the species
discovery trend [55] in the near future, and the number of the known deep-sea species
is predicted to soon exceed coastal areas [56]. Indeed, the newly available methods and
technologies have allowed the discovery of novel species at an important rate in mesophotic
coral ecosystems, which physically link shallow with deep-sea habitats and host various
depth-generalist and specialist taxa [57].

Nutrient Cycling

Nutrient cycling is defined as the storage and recycling of nutrients within ecosystems
by living organisms [58], where the nutrients regenerate via microbial respiration reactions
in the deep ocean. These processes play a critical role in the global biogeochemical cycles,
as they are indispensable for the primary production in the ocean photic zone [59].

Chemosynthetic Primary Production

Deep-sea ecosystems depend on chemosynthetic primary production (CPP), which
consists in the formation of biological material through an accumulation of nutrients, energy
and inorganic carbon (Cinorg) by organisms [4] and fuels highly productive invertebrate
communities on the seafloor [60]. Because of the deep ocean conditions (e.g., absence of
sunlight), some organisms (chemosynthetic bacteria and archaea) can use the chemical
energy to convert Ciporg into biomass. These energy sources occur only in a few places,
such as tectonically active sites (e.g., mid-oceanic ridges), where seawater interacts with
reactive minerals or with magma [61], creating hydrothermal vents or in methane seeps
hosted on many continental margins [62—-64].

3.2.2. Provisioning Services

As described previously, provisioning services are the products utilized by humans
and obtained from habitats and ecosystems. In the case of the deep sea, these services
include fisheries, abiotic resources (0il and gas/minerals) and waste disposal sites.
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Figure 6. Deep-sea ecosystem goods and services (modified, source [36]).



Sustainability 2021, 13, 12478

10 of 26

Fish

According to Gordon [65], there are three main categories of deep-water fish:
(i) mesopelagic fish that live in the water column from beneath the photic zone to ap-
proximately 1000 m depth; (ii) bathypelagic fish, which are known by their adaptability
to the food-poor environment and live in the zone below 1000 m; and (iii) benthopelagic
fish that live on or close to the bottom [4]. Currently, the blue ling, roundnose grenadier
and Greenland halibut are the most exploited benthopelagic species. Other pelagic species
that feed beneath 200 m are also commercially exploited, such as black scabbard fish,
bigeye tuna and swordfish. Deep-sea species are slow-growing, long-living and have
a low capacity of reproduction [66,67], therefore, these stocks can rapidly deplete and
recover slowly. Consequently, the commercial harvesting of deep-sea fish is becoming
unsustainable similarly to mineral mining [68].

Oil and Gas

Oil and gas in the deep sea belong to the ecosystem goods formed through geochemical
processes over geological time. The depletion of oil and gas resources on land increased
the global demand and need, while the technological advancements have expanded the
offshore oil and gas industry into deeper water since 1960. Currently, drilling for oil and gas
is routinely performed in waters > 200 m in offshore Australia, Southeast Asia, India, South
America, the Gulf of Mexico, the northern Atlantic Ocean and the Arctic Ocean [69]. The
major oil and gas reserves occur in water depths greater than 3000 m (i.e., ultra-deep water),
and the most recent top reservoir discoveries are found in deep-water areas [70]. In the Gulf
of Mexico, oil and gas exploitation takes place in waters exceeding 3000 m [71,72], while in
offshore Angola, Total is preparing to establish a new record offshore well at a water depth
of 3628 m [73]. The hydrocarbon exploitation in deep water is expected to expand more
and more in the coming years, especially with the improvement of technology.

Deep-Sea Minerals

In the few research studies about deep-sea ecosystem services, the seabed mineral
industry has always been discussed briefly and jointly with hydrocarbon resources. In the
present study, we will discuss the deep-sea minerals separately, as there is an upsurge in
interest in deep seabed mining, mainly due to the depletion of minerals from land sources
and the fast growing demand for metals such as copper, cobalt and Rare Earth Elements
that serve as raw material for high and green technology applications.

Since the signing of UNCLOS in 1982 and the establishment of the International
Seabed Authority (ISA) in 1994, deep-sea mining exploration beyond national jurisdiction
has been regulated under contracts managed by the ISA on behalf of its Member States.
Currently, the ISA has granted 30 contracts to 21 contractors, sponsored by Member States,
to explore the deep seabed, called the Area, which is considered the heritage of humankind.
Three types of mineral deposits have commercial interest: polymetallic nodules (PN),
seafloor massive sulfides (SMS) and cobalt-rich ferromanganese crusts (FeMn). The three
deposits enclose valuable metals such as manganese, nickel, copper, cobalt (PN, [74]), Rare
Earth Elements (FeMn, [75]) and lower levels of precious metals such as gold and silver
(SMS, [76]). On average, the mineral deposits occur at depths greater than 800 m. Eighteen
contracts with the ISA are designed for the exploration of PN in the Clarion Clipperton
Fracture Zone in the Equatorial Pacific (16), in the Western Pacific ocean (1) and in the
Central Indian Ocean Basin (1). Seven contracts for the exploration of SMS are active in
the Mid-Atlantic ridge, in the Central Indian Ridge and in the South-West Indian Ridge,
and five contracts for the exploration of FeMn have been granted in the Western Pacific
Ocean [77]. The allocated area for each contractor, after the relinquishment in favor of the
ISA and developing countries, is 75,000 km? for PN; 10,000 km?, consisting of 100 blocks
not larger than 100 km? each, for SMS; and 3000 km? consisting of 50 blocks, not larger
than 20 km?, for FeMn [77].
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The commercial interest in these deposits has grown in the last decades, however,
knowledge gaps on deep-sea ecosystems’ functions [78], the potential environmental
impacts of mining operations [79], uncertain economic risks as well as technological
difficulties [80] remain the main challenges standing against the commercial viability of
deep-sea mining [52,81,82].

Marine Renewable Energy (MRE)

The deep sea hosts a high potential to produce clean energy and reduce the carbon
footprint. For this reason, marine renewable energy (MRE), and particularly offshore wind
energy (OWE), has the support of both society and state policy [83]. This is particularly
evident if compared with the onshore windmills, which received many negative opinions
about the turbine engines, which are seen as unprofitable, inefficient, visually intrusive
and noisy [84]. Thus, for all these reasons, currently, there is an increasing trend toward
using marine renewable energy. Over the last decade, the OWE industry has changed
its standards from fixed foundation turbines anchored at the seafloor for water depths
above 60 m to floating turbines that can be moored in waters as deep as 1000 m [85,86].
Furthermore, the most significant resource potential is believed to be in deep water with
230,004 TWh/year at the global scale [87]. At the end of 2019, 65.7 MW of floating offshore
wind capacity have been installed in Portugal, the UK, Norway, France and Japan, and the
worldwide offshore wind industry touched 6.1 GW of new installations, making 2019 the
first best year ever [88].

Biotechnology and Chemical Compounds for Industrial and Pharmaceutical Uses

The oceans have a vast genetic richness that offers commercial opportunities for
biotechnology, agriculture and pharmaceutical industries [89]. The continuous discovery of
deep-sea microorganisms is revealing surprising genetic diversity: eukaryotic species range
between 700,000 and 1 million [90], and prokaryotic [91] and viral taxa [92] are represented
by more than one million species. Deep seas cover more than 90% of the biosphere, and
their high microbic diversity represents a potential source of wealth, profitmaking and
commercial opportunities because some may be of interest for human well-being and
environmental remediation [93].

The deep sea contains different habitats such as hydrothermal vents, deep-sea trenches,
deep-water corals and cold seeps, which possess high biotechnological potential due to their
large biological diversity and environmental adaptation to extreme conditions in terms of toxic
chemical compounds [94]. However, these habitats are largely unknown; only 0.0001% (deep-
sea floor) to 10% (hydrothermal fields) of habitats are explored [95,96], and they are certainly
far less explored than shallow waters [97]. Technical difficulties, economic implications and
sampling constraints at depths below 700 m [98] are most likely the cause of the current lack of
research studies related to deep-sea biodiversity [95]. Thus, to date, the exact biotechnological
potential of our oceans is still undiscovered, mainly in the deep sea.

3.2.3. Regulating Services
Gas and Climate Regulation

The “Biological Pump”, which transports organic material (absorbed carbon during
photosynthesis) from the ocean surface to the deep sea, is responsible for maintaining
the chemical composition of the ocean and the atmosphere [99] and provides gas and
climate regulation services. Marine microorganisms are at the core of the biological pump,
by storing atmospheric CO, produced by human activities [3]. Through this natural
mechanism of carbon sequestration and storage, the deep sea provides climate regulation
services [4] and releases nutrients that fuel production [11].

Waste Absorption and Detoxification

Deep seas provide an essential regulating service in waste absorption and detoxifica-
tion through biotic and abiotic processes [4,11]. Marine organisms accumulate, transport,
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bury and transform pollutants (e.g., persistent organic pollutants, oil, micro- and macro-
plastics and sewage) through assimilation and direct or indirect chemical transformation,
in a process called bioremediation, which is often facilitated by bioturbation [11].

Biological Regulation

Numerous pathogenic organisms are increasingly spreading over the globe [4], and
deep-sea benthic organisms can provide a biological regulation and remove pests by
ingesting or averting their outbreaks by competing for available resources. Therefore,
deep-sea organisms tend to limit the development of pathogens in the ocean.

3.2.4. Cultural Ecosystem Services

Cultural ecosystem services design human cognitive and physical interactions with
nature (e.g., landscape, seascape) [100,101]. These services are recognized to provide non-
material goods to human societies. The deep sea provides cultural ecosystem services
that remain largely unexplored. These services include scientific research, aesthetic and
inspirational services (entertainment, art, literature, tourism) and spiritual wealth.

Scientific Research

After the HMS Challenger expeditions in 1872-1876, the interest in breaching gaps
regarding the ocean knowledge has progressed in parallel with technological advancement.
Since then, research scientists have carried out many expeditions to explore the ocean, discover
unknown species, describe them and understand the functions of deep-sea ecosystems.

Deep-sea sediment cores provide a global archive of paleoclimate and geochronology of
anthropogenic perturbations [102], especially through the paleontological and geochemical
study of fossils such as foraminifera and coccolithophores [103]. Deep-sea sediment cores
provide a number of proxies (e.g., isotope chemistry, stratigraphy, sedimentary structures,
ichnofacies, organic chemistry, paleoseismicity) that can trace the history of the oceans. Thus,
deep-sea data and information enable the understanding of the past climate evolution and
long-term dynamics of global cycles that can help predict and assess current and future
climate and global changes and their effects on our planet and human well-being [4].

Deep-Sea Cultural Heritage

Deep-sea cultural heritage or underwater cultural heritage are integral parts of the
human cultural heritage [101], e.g., shipwrecks provide valuable information about when
(time) and how (natural disaster or human error) an accident occurred.

The importance of deep-sea cultural heritage led the Law of the Sea (UNCLOS Art. 49,
Art. 303) to impose a duty on coastal countries to protect and preserve archeological sites.
The development of human activities in the deep sea, including oil and gas extraction,
bottom-trawling and MRE, put this cultural heritage at risk of damage [104]. In November
2011, UNESCO adopted a convention for protecting underwater cultural heritage and
addressing threats from treasure hunting and human activities [105]. More recently, UN-
ESCO has defined three sites with Outstanding Universal Value in the deep sea beyond
national Jurisdiction (ABN]). The three sites are the “Lost City Hydrothermal Field” in the
Mid-Atlantic Ridge, the “Atlantis Bank” in the Indian Ocean and the “White Shark Café”
located halfway between Hawaii and North America [106].

It is worth mentioning that deep-sea cultural services include habitats inaccessible
to the large majority of the population and are therefore perceived as irrelevant and
uninteresting [100]. However, cultural ecosystem services are meaningful and valuable
to humans even without close interaction. As discussed in Garcia Rodrigues et al. [100],
cultural ecosystem services such as inspiration and knowledge about deep-sea marine
ecosystems through the tales of media [107], documentaries, exhibitions, books or even
scientific publications can generate awareness about remote ecosystems in the general
public and increase their cultural services [10,108].
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Indigenous knowledge and perspectives about ecosystems and ecosystems services
are also increasingly important [109], including transcendental values and community-
based management agreements [110].

3.3. Combination Analysis of Deep-Sea Ecosystems Services
3.3.1. Fishing

During the last four decades, the harvesting of deep-sea fisheries has increased due to
the over-exploitation of continental shelf fish stocks [64,111,112]. Seabed fisheries deploying
bottom fishing gear to catch the target species put the benthic environment at risk [113].
Numerous types of gear are used in deep-sea fisheries, such as bottom otter trawls, deep
midwater trawls, bottom longlines, tangle nets, sink/anchor gillnets, pots and traps, which
can destroy seabed habitats [114]. Recent studies on the ecological effects of bottom-
trawling focused on the physical impacts on soft sediments [115,116], the destruction
of submarine features [117] and the disturbance of benthic ecosystems, which concur to
further decline the fish productivity [118].

Deep-sea species play an important role in biogeochemical cycling, which means
that deep-sea fishery might affect the biogeochemistry of the global ocean. In addition, as
previously said, deep-sea fishes are slow-growing (some fish live > 100 years [119]), and
it can take hundreds of years to recover a species once damaged. According to an expert-
based evaluation, bottom-trawling represents the highest threat to the marine benthic
habitat, and seamounts shallower than 2000 m are significantly vulnerable to this fishing
technique [120]. Indeed, Ramalho et al. [121] reported that bottom-trawling has negatively
influenced the benthic community and associated ecosystem functions in the Western
Iberian continental margin. In the Aotearoa seamounts, offshore of New Zealand, over the
few past years, scientists have discovered 128 new species from fisheries bycatch [122], and
the New Zealand fleet’s bottom nets dragged about 14.03 tons of corals in the 2018-2019
fishing year [123]. Many other studies pointed out the adverse indirect and direct effects of
trawling on benthic invertebrate communities and populations worldwide, with marked
declines in biomass, abundance, species diversity and productivity [124-130].

Not all bottom areas are open for fishing, especially in areas known as vulnerable
marine ecosystems (VMEs). For example, around the Altair and Antialtair seamounts,
which are listed as threatened habitat by the Convention for the Protection of the Ma-
rine Environment of the Northeast Atlantic [131], bottom-trawling is forbidden. In the
Mediterranean Sea (North Africa and Europe) bottom-trawling was banned by the General
Fisheries Commission for the Mediterranean in approximately 630,000 square miles of
deep-sea waters. In the Pacific and Arctic Ocean and the Bering Sea, deep-sea bottom-
trawling is prohibited by the Pacific and North Pacific Fishery Management Councils [132].
More recently, the European Parliament and the Council of the European Union have
defined specific conditions for fishing deep-sea stocks in VMEs, where bottom gear for
fishing is prohibited according to Article 9 (9) of Regulation (EU) 2016/2336. Similarly,
new regulations were established to expand the deep-sea habitat protection in the U.S.
West Coast from the impact of deep-sea trawling (Amendment 28). Globally, eight regional
bodies have implemented competence over deep-sea fishing and adopted several measures
to regulate fisheries. The regional commissions are spread into:

—  The Northeast Atlantic Fisheries Commission (NEAFC);

—  The Northwest Atlantic Fisheries Organisation (NAFO);

—  The Southeast Atlantic Fisheries Organisation (SEAFO);

—  The Southern Indian Ocean Fisheries Agreement (SIOFA);

—  The North Pacific Fisheries Commission (NPFC);

—  The General Fisheries Commission for the Mediterranean (GFCM);

—  The South Pacific Regional Fisheries Management Organisation (SPREMO);

—  The Commission for the Conservation of Atlantic Marine Living Resources (CCAMLR).

Furthermore, bottom-trawling affects not only fish stocks and marine life components
but also coastal tourism and local fishing communities because of overfishing as the gears
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are not selective and dispose of many dead fish [132]. Ocean-based tourism includes
diving, snorkeling and sport fishing; these activities are directly threatened by the removal
of marine wildlife that tourists most desire to see [132,133]. Furthermore, deep-sea fisheries
are among the sources of marine litter (e.g., in the Arctic seafloor [134]).

However, the knowledge gap regarding the mesopelagic community and the lack
of technologies allowing the exploration, sampling and observation of small organisms
living at depths ranging from 200-1000 m opens the question about deep-sea fisheries
economic and ecologic sustainability. In this respect, several projects (e.g., the MEESO
project) are underway to study how to exploit mesopelagic fish sustainably and avoid
damaging biodiversity and ecosystem services.

3.3.2. Oil and Gas

The depletion of gas and oil resources on land was among the factors leading to the
exploration and exploitation of gas and oil in the deep sea, the so-called offshore oil and gas
industry [135]. The operations consist of four stages: geological and geophysical investiga-
tion, exploration, production and decommissioning. Every step is associated with potential
environmental impact, including chemical, physical and biological disturbance [136]. Due
to the absence of sufficient data related to deep-sea ecosystems, the environmental impact
assessment of such activities is still limited [137]. In addition, environmental management
is challenging as deep-sea biological systems operate at a slower pace compared to shallow
waters [138]. Anthropogenic stressors resulting from deep-water oil and gas operations in
such fragile ecosystems may influence habitats and species, making re-colonization and
recovery difficult [139,140]. Even in the absence of large environmental impacts, such as
those caused by the incident at the Deepwater Horizon Macondo well [137], the exploration
and extraction of oil and gas might affect life in deep-sea ecosystems, including species,
assemblages and populations, or cause the modification of the ecological parameters of the
ecosystem, productivity, biomass and biodiversity [69] (Table 1). For example, sound and
light emitted during deep-water oil and gas operations cause disturbances in marine mam-
mals’ behaviors, including breeding, resting and feeding [141,142], while the impact of noise
on fish and invertebrates is still poorly understood [143]. In addition, the acoustic distur-
bance resulting from the construction activities and offshore shipping impact ecosystems by
affecting the physiology and behavior of benthic invertebrate species and bioturbating fauna
in sediments [144]. Accidental oil spills can occur during the development and production
stages at a high rate and sometimes in high volumes [137]. The large oil spill occurring
in the Gulf of Mexico in 2010, known as the Macondo accident, has affected soft-bottom
benthic communities [145], deep-sea corals [146] and caused a significant impact on the
tourism and fisheries industries [137]. Although the long-term impacts of the Macondo
accident remain poorly understood, as the insufficiency of pre-spill data made the full
impact assessment limited [147], we can conclude that deep-water oil and gas operations
can deteriorate species, habitats and alter biogeochemical and nutrient cycling (Table 1).

However, studies that have attempted to quantify the impacts of offshore operations
on marine life agree to consider them low [148,149]. Bakke et al. [150] reviewed the envi-
ronmental impact of operational discharges from offshore petroleum activities, including
waste drilling and discharge water (e.g., habitat, biodiversity and fisheries stocks). They
concluded that it is difficult to determine the effects of offshore oil and gas operations
on deep-sea biodiversity and ecosystems, which thus remain largely unknown. On the
contrary, the Great Amazon Reef System, comprised of mesophotic reefs at 70-220 m
depth [151] built mainly by calcareous algae, is reported to face serious threats because of
oil and gas exploration and exploitation [152].

Moreover, because cultural services, including coastal tourism, depend on healthy
oceans and clean beaches, offshore oil and gas operations may potentially negatively
impact the marine environment and influence the sustainability of tourism [153]. On the
other hand, offshore oil and gas explorations open the door to the scientific research of
deep-sea ecosystems and new technologies allow the exploitation of hydrocarbon without
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compromising other services. Therefore, the offshore oil and gas industry provides some
services for human welfare but threatens others.

In summary, the lack of knowledge regarding deep-sea ecosystems, together with the
few available studies related to the environmental impact assessment of deep-sea oil and
gas operations, make uncertain the evaluation of the activity-related risks to supporting
and provisioning services. Therefore, the precise impacts of deep-water oil and gas still
need more assessment.

3.3.3. Deep-Sea Minerals

Deep-sea mineral extraction is identified as an alternative source of metals of economic
interest and is claimed to be a future clean sector [154], unlike terrestrial mining, which gen-
erates pollutants into water and land [155]. On the other hand, the risk and sustainability of
such activities is still undefined because the ecological aspects of the deep-sea are unknown
and studies are very few [78]. The interest in this industry sector is substantially growing,
but the risks associated with this kind of deep-sea operations remain immeasurable [53,156].
Commercial mining tests and scientific investigations on the disturbance of polymetallic
nodules have shown that the impact is severe after dredging operations, especially on
habitat and biodiversity [157-159], and restoration is far from being implemented [160].
The technologies and procedures for exploiting the deep sea for mining purposes could seri-
ously harm the marine environment, including habitats, marine resources, biogeochemistry
cycling and environmental quality and blue economy sectors (e.g., fisheries [161]). Even
subtle changes in the morphology of deep-sea abyssal plains have the potential to cause
severe changes in benthic habitats [162]. Furthermore, not only habitat and biodiversity
in abyssal regions will be impacted by nodules operations, but the impact will also touch
midwater and mesopelagic species together with biota through the entire water column,
especially during the lifting of nodules to the surface [163]. Christiansen et al. [82] have
reported that deep-sea mining operations will produce noise and sediment plumes, which
may have significant ecological effects over the water column (sediment-water interface,
midwater and surface water column) and the mid-water ecosystems would be especially
affected [164]. According to Drazen et al. [164], deep-sea mining operations pose a sub-
stantial risk to services that provide midwater ecosystems, including biodiversity, habitat,
biogeochemical cycling, nutrient regeneration and provisioning services (e.g., fish stocks).

Exploiting manganese nodules could significantly affect abyssal regions because their
removal would delete specialized fauna living on the hard nodules such as sponges and
other species living between soft sediment and nodules [165,166]. In addition, the sediment
disturbance caused by the removal of manganese nodules and the discharged sediment
plume, and its perturbations could decrease habitat complexity, ecosystem function and
biodiversity [161]. The effects of mining polymetallic nodules are supposed to persist
as the nodules are slow-growing and could take millions of years to grow, influencing
biodiversity and habitat recovery [167].

Similarly to manganese nodules, the mining of SMS deposits would harm habitats,
biogeochemical cycling and biodiversity [168,169]. Exceptional animal communities exist
in SMS, which use to live and grow up under the extreme chemical conditions and high
temperature around hydrothermal vents where SMS deposits form via the interaction
between hot mineral-rich fluids and the surrounding cold water. Therefore, the extraction
of SMS minerals would directly affect the biota [167,170]. To date, commercial extraction
of SMS has been executed nowhere in the world except for leading-edge exploration in
Japan [171]; thus, the nature and scale of the potential impacts of this activity are still
unknown. Nevertheless, Orcutt et al. [2] have indicated that there would be impacts
on biomass, microbial diversity and primary production at active vents, considering the
unknown linkage between plume microbial communities and seafloor and sub-seafloor
habitats [172]. On the other hand, at inactive SMS sites, the possible effects remain indis-
tinguishable, as there is a knowledge gap concerning their ecology and the genetic and
demographic link of populations between the different deposits [173].
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Likewise, the extraction of FeMn is expected to heavily influence deep-sea ecosys-
tem services such as biodiversity [82], biomass, microbial diversity and biogeochemical
function [2]. FeMn serves as a hard bedrock for benthic organisms, such as sponges or
substratum for the egg-laying of mobile species (e.g., octopus [174]). Thus, the exploitation
of FeMn would impact both macro- and microfauna over the seamounts. The latter plays a
crucial role in chemical cycling occurring in these habitats [11] and represents a vast and
varied genetic reservoir of economic and commercial interest.

Attempts have been made to assess ecosystem services in the frame of deep-sea
mineral mining, however, it was recognized that knowledge gaps prevent the full opera-
tionalization of ecosystem services concepts in the deep-seabed and that new technologies
and findings, including next-generation genetic tools, biological traits analysis, innovative
marine robotics, will be crucial in this regard [175].

We conclude that deep-sea ecosystems provide many services and play a crucial role
in the global functioning of the earth planet, which is primarily dependent on deep-sea
biodiversity. The exploitation of minerals from the deep sea will negatively influence these
ecosystems at all levels (Table 1).

3.3.4. Marine Renewable Energy (MRE)

MRE, the so-called ocean-based energy, looks promising in tackling dioxide emissions,
meeting the growing energy demand, and reducing the human contribution to global
warming [176]. MRE include offshore winds farms (OWFs), solar energy, wave and tidal
energy, in the latter case, the mattresses that stabilize submarine power cable may enhance
benthic megafauna habitat capacity and increase artificial habitats for a range of fish
and crustacean species [177]. On the contrary, Dannheim et al. [178] reported that MRE
installations might impact the benthic compartment during the construction, operational
or decommissioning stages.

The deep-sea OWE industry exerts potential associated risks and stressors on the
environment that were defined by Boehlert and Gill [179] and Copping et al. [180]. These
can be summarized as follows: (i) atmospheric and oceanic dynamics changes resulting
from energy modification and removal; (ii) habitat alterations; (iii) electromagnetic field
influence on deep-sea species from cables; (iv) underwater noise effects on marine species;
(v) water quality changes.

As illustrated in Table 1, MRE can therefore present both negative and positive impacts
on the seafloor, nutrient cycling and habitat at the construction phase. For example, some
supporting services (e.g., habitat, nutrient cycle) change due to the reduction in habitat
(soft sediment) at turbine bases, as a result of the introduction of a rigid substrate [181,182].
The piling activities, which are known to moderately influence the seafloor, can cause
the relocation of certain fish species because of the emitted noise (Table 1) [182]. Unclear
or no impact on primary production (PP) has been identified during the construction
of OWFs, as the annual PP remains unaltered before and after the construction [183].
Regarding waste absorption and detoxification (biological remediation), the growth of
bivalve populations around wind turbines can help improve the water quality [184]. In
addition, the increase in algae, marine bacteria and crabs around OWFs may enhance heavy
metal remediation [185].

Regarding the cultural services, MRE inspired scientific and technological research,
governance and maintenance strategies and novel marine policies directly developed for
marine renewable energy. In addition, increased commercial interest in offshore deep-water
(60-1000 m) wind energy enhanced the environmental concern and the general awareness
about deep-sea ecosystem services [79,186-188].
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Table 1. Combination of provisioning services and other types of deep-sea ES. (Red: negative impact, Orange: Negative/positive impact, Green: positive impact).
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The tourism sector can be either positively or negatively impacted by OWFs, and
therefore, a generalized cost-benefit analysis remains difficult to assess. For example, the
construction of wind farms in a tourist destination in southern New England has increased
the monthly revenues of Airbnbs there [189]. Conversely, a study conducted in the southern
Baltic Sea has shown the negative impacts of OWFs on the tourism sector [190]. Another
study performed in Scotland, based on tourists’ responses, points out that they would not
visit the area in the future because of wind farms, a survey that caused job loss [191].

3.3.5. Biotechnology and Chemical Compounds for Industrial and Pharmaceutical Uses

Chemicals from anthropogenic sources tend to harm the ocean and human health [192].
The increase of human activities around and in the ocean, including oil and gas exploitation,
deep-sea mining operations, fishing, coastal tourism and shipping contribute largely to
the accumulation of toxic chemicals in marine ecosystems such as heavy metals [193],
persistent organic chemicals (POC) [194] and radioactive elements [195,196]. In many
coastal areas around the world, the concentrations of toxic chemicals are extremely high.
Therefore, new biotechnology approaches represent the fundamental solution for tackling
the challenge of “human need growing” vs. “pressure on marine resources” and are an
efficient tool for environmental bioremediation [197].

Regarding deep-sea biotechnology, the development of sampling and monitoring
technology allowed the discovery of new microorganisms, genetic resource diversity
and novel natural products of economic interest for environmental bioremediation [198].
Thus, deep-sea biotechnology as a provisioning service impacts positively other provided
services (Table 1), including human well-being (e.g., drug discovery, industrial materials,
biorefining, biofuels and bioenergy) [199] and marine environment conservation (e.g.,
monitoring and assessing environmental change, pollution prevention and ecosystem
recovery and biodiversity conservation) [200,201].

4. Conclusions

In order to understand how human activities impact deep-sea ecosystems, ecology
and functioning, it is first mandatory to review and quantify deep-sea ecosystem services
and benefits and then evaluate how they may respond to the pressures and threats arising
from the combined impacts of deep-sea resources exploitation and environmental changes.

Accordingly, this paper was designed to analyze deep-sea ecosystem services and
investigate the potential impact of provisioning services, including deep-sea mining oper-
ations, fishing, biotechnology and marine renewable energies, on the other services and
goods that these ecosystems provide.

Identifying the possible impacts of economic activities on deep-sea ecosystem services
must integrate multidisciplinary approaches, which shall take into account the whole
ecosystem’s components (microorganisms, habitat, biogeochemical cycling, etc.). However,
such assessment cannot be realized with a high degree of certainty and confidence since
there is a lack of knowledge regarding deep-sea ecosystems, which is the biggest challenge
facing the development and execution, for example, of mineral extraction and gene mining
for biotechnological applications.

Despite the knowledge gap regarding deep-sea ecosystems’ functions, properties and
resources, the current understanding reveals the benefits that these ecosystems provide
to the Earth and human beings and highlights the need for urgent conservation actions
aimed at keeping the environment, economy and social components in balance.

Therefore, given the importance of deep-sea marine resources for human well-being,
any activity launched in this complex ecosystem must take into account concurrent ac-
tivities, the different uses of the sea and improvements in marine and maritime spatial
planning. In addition, novel marine policies must be built based on multidisciplinary
approaches as each service feeds back into the others to ensure the sustainable growth of
the deep-sea economy.
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The present study may serve as a reference document about the envisaged environmen-
tal impacts of industries such as deep-sea mining and targets the industry and academic
communities working in oceanography, environment, oil and gas industry, mineral mining,
renewable energy industry, tourism and biotechnology.
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