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ARTICLE INFO ABSTRACT
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Marine habitats have been the subject of numerous studies. In contrast, there are very few such studies relating to

Human health marine ecosystems. Here, in the context of the Mediterranean Sea, we assess evidence of the

Well-being . broad interplay of relationships between marine habitats and human health and well-being. Our
Ecosystem services . . . . . . . . . .
Mediterranean review shows that the major Mediterranean marine habitats provide various provisioning, cul-

tural and regulating services that improve physical and mental health in a number of different
ways. These include: (i) the provision of seafood rich in omega-3 fatty acids, which help to reduce
the risk of developing certain types of illnesses; and also, species that produce bioactive com-
pounds that are potential sources of new drugs; (ii) the provision of blue spaces — areas of water
suitable for leisure and recreational activities able to inspire, educate, and appeal to the aesthetic
senses — that not only increase physical and psychological health, but also foster an individual and
collective sense of place and identity and contribute to improving social relations; and (iii) the
regulation of climate change, and of water quality and pollution, for example via sequestration of
carbon and heavy metals, thus reducing the associated health risks. Our results show that Med-
iterranean marine habitats are valuable for health and well-being, thus highlighting the need to
conserve as much of these habitats as possible (particularly through marine protected areas) and
to carry out new studies to determine the specific causal pathways by which certain character-
istics of marine habitats — including biotic (e.g. marine biodiversity) and abiotic (e.g. water
quality) factors — affect human health and well-being.

1. Introduction

Ecosystems are essential for human health and well-being due to the various goods and services that they provide [1]. The natural
world provides goods and services — analogous to those of modern economics — which are vital for our health and survival. However,
this inherent dependence is often difficult to recognize because it is most often indirect, and disconnected from our everyday expe-
rience. Evidence in recent decades of escalating human impacts on terrestrial and aquatic ecosystems has raised concerns around the
world about the impact that biodiversity loss and habitat changes have had on human health and well-being [1].

Never in human history has there been such rapid change in the structure and functioning of the world’s marine ecosystems than in
the latter half of the last century [2]. Of all the environmental problems affecting oceans, the decline in marine biodiversity is believed
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to be one of the most serious. This decline is a consequence of habitat change (degradation, destruction, fragmentation and loss)
stemming not only from climate change, but from specific human activities, such as destructive fishing, aquaculture, organic
enrichment, oil and gas exploitation on a large scale, offshore construction of renewable energy infrastructure, coastal development
and engineering, and the expansion of invasive species, as well as the cumulative effects of climate change ([3-6]).

While there is rapidly growing evidence of how natural environments contribute to human health ([7-9]), research into the re-
lationships between ecological characteristics and human health is scarce, and most of it concentrates on terrestrial and freshwater
ecosystems ([10-12]). In marine ecosystems, however, there is still less information on how habitat characteristics, such as biodi-
versity and abiotic factors, are interlinked with human health and well-being. Although a number of studies document a relationship
between blue spaces and human health outcomes (e.g. Refs. [13-15]), they do little to explain the causal pathways via which marine
habitat features may work to establish those relationships. Of the large body of research on blue spaces and human health, the vast
majority focus on the size of the blue spaces near populated areas, the time people spend in such areas ([16,17]), or the sporting
activities they take part in ([15,18]), with little or no attention to the ecological characteristics of these areas. Therefore, existing
studies tell us little about the impact that the myriad forms of marine habitats can have on people’s health — whether in direct contact,
or in close proximity — or about how changes in marine biodiversity and habitats can affect this relationship.

Taking the Mediterranean as the study area, in this review, we (i) analyze the evidence for the links between a number of highly
representative Mediterranean marine habitats and human health and well-being (i.e., health benefits), (ii) assess the implications of
loss or degradation of these habitats for human health and well-being (i.e., health risks) and (iii) identify future research directions. We
hope the outcomes of our paper can contribute to bringing academic research, public policies and management practices involving
marine habitats into line with efforts to promote public health, marine biodiversity and habitat conservation.

2. Materials and methods

We identified numerous studies in this field of research listed in scientific databases (e.g. Science Direct, PubMed and Web of
Science) using combinations of the basic keywords “health”, “well-being” and “Mediterranean” with each of the following specific
terms: marine biodiversity; marine habitat; marine biodiversity; fisheries; seafood; marine drugs; marine pharmaceuticals; marine
recreational activities; marine sports; and marine ecosystem services. There were no restrictions regarding the year of publication. The
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Fig. 1. Visualisation of the selection process.
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initial electronic search identified 2065 studies with the basic keyworkds and 158 studies with the specific terms, as potentially
relevant. After screening titles and abstracts, we first excluded those that were not relevant to our study (i.e., those in which keyword
combinations existed, but in unrelated contexts). Only papers that reported data on habitat and health outcomes were assessed in
detail. In the end, 38 key documents were selected for review in order to find evidence of health benefits provided by the major
Mediterranean marine habitats (Fig. 1). The information gathered in the Mediterranean was then compared to other studies carried out
on this subject in other seas and oceans. Therefore, this study offers a narrative — rather than systematic — review, since the only papers
chosen were those considered to be highly relevant with specific examples of the issues identified.

The evidence of health benefits provided by the major Mediterranean marine habitats were classified according to the provisioning,
regulating and cultural services presented in the Millennium Ecosystem Assessment (2005) [1]. These three services are also embedded
in the key topics of the Oceans and Human Health field identified by Strategic Research Agenda ([19,20]): Fish and Health; Leisure,
Health, and well-being; and Medicines from the Sea. The adverse health risks from habitat change comprise not only the loss of these
services, but also the health risk categories proposed by Ref. [11], adapted to the marine environment. A fourth category, “supporting
services”, refers to the features of the habitat needed to maintain all the other services, and for this reason the term “supporting
services” does not appear explicitly in this section. Regarding cultural services, we concentrated exclusively on recreational benefits,
while disregarding any aesthetic or spiritual benefits (e.g., aesthetic enjoyment and spiritual fulfillment) because any links these may
have to human health are much less clear.

The term habitat is used in this study to denote an area which is identifiable by its physical features (abiotic environment) and from
the plant and animal species that inhabit it (biodiversity) [21].

3. Health benefits provided by the main Mediterranean habitats

In this section, we summarize the evidence of health benefits provided by the major Mediterranean marine habitats in relation to
the provisioning, regulating and cultural services they provide, which are detailed in Supplementary Table 1 and schematized in Fig. 2.

3.1. Provisioning services and health

Mediterranean marine habitats contribute to physical health in humans through different provisioning services, among which
medicines and seafood are the most important ones. Natural products that are used for other uses (e.g. food additives and cosmetics)
are not considered because their contribution to human health is very weak, or non-existent.

3.1.1. Seafood provisioning

Productive marine pelagic and benthic habitats are a source of seafood through marine capture fisheries and aquaculture, and it is
well-documented that seafood makes a positive contribution to the so-called “Mediterranean diet”. The long-chain omega-3 (or n-3)
fatty acids found in seafood provide various health benefits [22]. Research has consistently associated the seafood-rich Mediterranean
diet with favorable health outcomes and improved quality of life (reviewed by Refs. [23-26]). Mediterranean habitats provide a high
diversity of species, which are exploited by various kinds of fishing gears, and are an essential part of this traditional Mediterranean
diet (Supplementary Table 1). This genetic and species diversity is essential for a well-balanced, nutritious diet [27]. The omega-3 fatty
acids from these species help to improve cardiovascular health and protect against the development of, for example, breast and
prostate cancer, among others (reviewed by Refs. [22,25,26]).
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Fig. 2. Scheme of the health benefits provided by the major Mediterranean marine habitats in relation to the provisioning, regulating and cultural
services they provide.
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As well as protection from cancer and cardiovascular disease, further positive health outcomes have also been linked with seafood
intake, including a reduction in symptoms of depression in adults and lower levels of asthmatic and respiratory allergies among
children (see reviews by Refs. [22,25,26]). Biological and biochemical research has shown that both pelagic and benthic Mediter-
ranean species are good dietary sources of omega-3 fatty acids (Supplementary Table 1). Pelagic fish species, in particular, are
especially important for consumer health because their lipid content (which includes the omega-3 fatty acids) is concentrated in the
edible parts of the fish (muscle). These include anchovy (Engraulis encrasicolus), sardine (Sardina pilchardus), bluefin tuna (Thunnus
thynnus), and Atlantic mackerel (Scomber scomber). In contrast, the lipid content of benthic species — for example, red mullets (Mullus
spp), and European hake (Merluccius mercluccius) — which are found in Mediterranean habitats such as maérl beds, muddy bottoms and
deep-sea waters, tends to concentrate more in their livers, which are usually not consumed ([25,28,29]).

Importantly, the amount of omega-3 fatty acids found in Mediterranean pelagic fish, such as sardine and anchovy [30] and benthic
species, such as red mullet [29], depends on the characteristics of the habitats and, more specifically, on the quantity and quality of
prey inhabiting these habitats, which consists of plankton for small pelagic species, and infauna for many benthic species. This is
because omega-3 fatty acids are produced by phytoplankton and marine plants (algae and seagrass meadows), consumed by primary
consumers in benthic habitats and then passed up through the food chain [31].

3.1.2. Marine drugs

Biodiverse ecosystems have been the source of numerous pharmaceutical compounds over millennia [32]. Drug discovery currently
includes sourcing natural bioactive molecules from land and marine based plants, animals, and microorganisms. These original
molecules often serve as inspiration for synthetic ones that are later produced as components for new drugs [32].

Marine habitats contain species with bioactive compounds which can become important components of traditional medicine as
well as modern pharmaceutical products [33]. Marine habitats rich in species are likely to hold many more compounds that could be
used to treat debilitating diseases and alleviate pressures on health systems [32]. The capacity to develop drugs from compounds found
in marine species is a prime example of how important a rich biodiversity in different marine habitats can be for human health [34].
Examples of marine-derived drugs currently in use include: antibiotics from marine fungus; compounds isolated from marine sponges
used in cancer treatment and to treat viral infections such as herpes; and a neurotoxin isolated from a marine snail with painkiller
properties that make it 10 000 times more potent than morphine and without the side effects [32]. Currently, there are several marine
compounds isolated from marine sponges, algae, and other marine species that are being investigated for their neuroprotective effects
against Alzheimer’s Disease [35].

Compounds with bioactive potential have been found in many Mediterranean organisms, most of which are found in benthic
habitats, such as tunicates, sponges, bryozoans, and cnidarians ([36-40]), though there are also fish species with bioactive compounds
inhabiting the pelagic environment (Supplementary Table 1). In order to fend off predators, competitors, parasites and harmful mi-
croorganisms, these species produce a wide variety of bioactive compounds made up of diverse molecules. These include anticancer
peptides (with well-known cytotoxic properties and antitumor action against various cancer cell lines), as well as secondary metab-
olites or toxins, and antitoxins with antibacterial, antifungal and antiviral properties ([36-40]). For example, in a study of 833 species
(including both fish and macro-invertebrates) in the Cap de Creus (northwestern Mediterranean), 166 (20 %) were found to have some
kind of bioactive potential [39]. Another study investigated the bioactive potential of animals caught and discarded by trawling on
crinoid beds (characterized by a high density of the crinoid Leptometra phalangium) in the northwestern Mediterranean. While
potentially bioactive molecules were found in 14 % of the 64 species investigated, it was strongly suspected that a further 16 % might
also produce such compounds as they were congeneric with species that are known to do so [40]. The species reviewed in these two
studies showed various types of bioactive potential, including the capacity to produce biotoxins, but also molecules with wide-ranging
properties — antibacterial, antifungal, antioxidant, antitumor, cytotoxic, anti-inflammatory, hypertensive and anticoagulant — all of
which are of great interest in the search for new marine drugs.

3.2. Regulating services and health

Mediterranean marine habitats contribute to physical health in humans through a number of different regulating services, among
the most important of which are their roles in climate regulation, in acting as a buffer against natural disasters, and in the regulation of
water quality and pollution.

3.2.1. Climate regulation

All Mediterranean marine habitats contain species that play a major role in the regulation of the regional climate: greenhouse gases
such as CO; and methane are stored in their tissues (as is the case, for example, with seagrass meadows); carbon is retained in deep
bottoms (as is the case with plankton inhabiting the pelagic environment). Such systems are collectively known as ’blue carbon’
ecosystems ([41]) (Supplementary Table 1). It is not only vegetated coastal habitats, such as seagrass meadows and Cystoseira forests,
that act as significant natural carbon sinks [42]; habitats where calcareous species predominate, such as muddy bottoms (where many
bivalves are found) and coralligenous assemblages (where gorgonians, corals, bryozoans and other calcifying organisms live) can also
do so (e.g. Refs. [43-45]). Through carbon sequestration, all these habitats can therefore help alleviate climate change, which will
impact human health and well-being in many ways. One of the most severe impacts is an increasing number of heat waves ([46]). The
Mediterranean is most at risk from European heatwaves [47], which are linked to heat-related mortality (mainly from respiratory
diseases in the elderly), particularly in people living in Mediterranean cities [48].
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3.2.2. Buffers against natural disasters

The Mediterranean tourism sector is exposed to growing pressures linked to the effects of climate change [49]. Coastal erosion, for
example, is already evident throughout the Mediterranean, especially in more southern areas. This is just one of the challenges that
climate change poses to tourism operators and other stakeholders on the shores of the Mediterranean [49]. Mediterranean coastal
habitats such as seagrass meadows lessen the impact of natural disasters because, by buffering strong waves and reducing the loss of
sand and shale, they defend shorelines from beach erosion and storm damage [50]. Seagrasses entrap sediment, stabilize the seafloor
and thus, prevent erosion of the coasts. When seagrasses trap the sediment, the bottom gets shallower, and the waves break further
away from the shoreline, resulting in less coastal erosion during storms [51]. Seagrasses also slow down the movement of ocean
currents between the seabed and the tips of their leaves [51]. Storm surges have contributed to coastal disasters causing human ca-
sualties, as well as huge damage to assets and coastal infrastructures, in the Mediterranean [52].

3.2.3. Regulation of water quality and pollution

Mediterranean coastal habitats contribute to our well-being by regulating water quality and pollution (Supplementary Table 1),
which are key factors in human health. For example, the ability of seagrass meadows to remove heavy metals and microplastics from
water is well known (Supplementary Table 1). On the other hand, filtering organisms can contribute to cleaner seawater by filtering
water and regulating phytoplankton densities (Supplementary Table 1). Bivalves, such as mussels and oysters, and sponges inhabiting
habitats such as rocky habitats and coralligenous assemblages, can absorb and transform pollutants [53]. Therefore, in different ways,
these Mediterranean habitats lower the risks of gastroenteritis and other diseases that can occur when humans come into contact with
polluted water, usually while swimming or surfing, or through seafood consumption ([54,55]). Furthermore, deposit-feeding species,
such as sea cucumbers inhabiting muddy bottoms, contribute to water purification by nutrient cycling in organically-enriched sedi-
ments [56].

3.3. Cultural services and health

Mediterranean marine habitats are appreciated as places of outstanding natural beauty, providing inspiration, as well as spaces for
leisure (in the form of tourism and recreation), all of which fosters human health and well-being. There are studies (summarized in
Supplementary Table 1) showing the health benefits of physical activity in Mediterranean pelagic and benthic habitats ([15,18]).
Non-motorized water sports that require physical effort, such as swimming, scuba diving, kayaking, sailing or surfing, have a positive
impact on the physical and mental health of those who take part in these activities, in the Mediterranean [14] and in other seas and
oceans ([15,57-59]). When carried out in well-preserved habitats, such sports can be highly effective components of wellness and
health recovery programs, and can be used as a community tool for preventative health and rehabilitation strategies ([15,15,57-59]).
The COVID-19 pandemic lockdowns showed that enjoying nature was important for many people’s health and well-being [60]. In
Spain, for example, people under strict lockdown perceived that nature helped them to cope with lockdown measures; and emotions
were more positive among individuals with accessible outdoor spaces and blue-green elements within view of their homes [61]. The
presence, accessibility and proximity of green and blue spaces determine how positive the effects on human health can be, although the
role of habitat features (including the abiotic environment and biodiversity) in human health and well-being remains underexplored
[11].

3.3.1. Mental health

Interviews with water sports instructors working in the Cap de Creus Natural Park (northwestern Mediterranean) provide evidence
that sea swimming, kayaking, sailing, surfing, windsurfing and stand-up paddle boarding (SUP), carried out in the pelagic habitat, and
scuba diving and freediving, carried out in rocky and coralligenous habitats, are highly beneficial for people with mental health
problems ([15,18]). Doing water sports regularly, as well as visiting the coast, can improve the quality of life not only of healthy
people, but also patients with various medical conditions that affect their physical and/or mental/emotional/psychological well-being
([13,15,15,57-59]). Such sports offer benefits that go much further than simply enhancing people’s fitness. These activities are
associated with more self-control, concentration and self-reflection and reduced perceived stress, among other outcomes, evidence for
which is found in studies carried out in different seas and oceans ([13,571; [58 [15,15,59]). Therefore, sea-based water sports in
well-preserved marine environments could be considered as tools for promoting health and well-being, providing they are accom-
panied by measures to limit their environmental impact on fragile sites [15].

3.3.2. Physical health

The results of the interviews described in the previous section also support the idea that these non-motorized water sports generally
improve the physical condition of the human body, including better aerobic strength and coordination, increased muscle strength and
endurance, and improvements in lung capacity, control of body weight, mobility and muscle development, body posture and car-
diovascular function, among others (reviewed by Ref. [15]). Specific benefits for individuals with physical disabilities, such as pa-
ralysis, were also reported [15]. These positive health effects are supported by works carried out in other seas and oceans (reviewed by
Refs. [15,57,58]) and highlight the potential benefits of non-motorized sports carried out in Mediterranean marine habitats for people
suffering from post-traumatic stress disorder, tetraplegia or spinal cord injuries (among other conditions) and for others overcoming
the side effects of treatments such as chemotherapy [15].
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4. Implications of loss or degradation of Mediterranean marine habitats for human health and well-being

In this section, the adverse effects that the degradation or loss of Mediterranean marine habitats can have on human health are
analyzed in a context where people and business organizations are increasingly turning to marine ecosystems for the development of
the Blue Economy.

4.1. Loss of provisioning, regulating and cultural services

Human activities in the Mediterranean are major drivers of marine habitat change and biodiversity loss. These activities include
fisheries, particularly bottom trawling ([3,5,62]); aquaculture [63]; tourism activities, such as leisure boating [64] and cruising ([15,
65]); and offshore energy projects, including those producing renewable energy [66]. As a result of such activities, the provisioning,
regulating and cultural services listed in Supplementary Table 1 are lost or degraded in various degrees, depending on the activity and
the habitat. One particular example is the destruction of essential habitats (i.e. habitats that are essential for the life cycle of fishes),
such as coralligenous assemblages, maérl beds, seagrass meadows and crinoid beds, which has a major impact on the seafood pro-
visioning services [29].

Furthermore, the destruction of habitats inhabited by species with bioactive compounds results in the loss of these species and the
consequent loss of their biomedical potential which, in turn, harms human health. This relates not only to coastal habitats, such as
coralligenous and rocky habitats, where most studies have been carried out (see e.g. Ref. [36]), but also to other deeper, offshore
habitats that are still being explored, including crinoid beds [40], and the deep seas [67]. Many Mediterranean species with bioactive
compounds are already considered vulnerable. For example, 40 % of the species that have been shown to have bioactive potential in
the marine protected area of Cap de Creus are classified as vulnerable to human activities [39].

Also, the destruction or degradation of Mediterranean habitats through trawling, anchoring and other activities, including new
floating offshore wind farms, threatens habitats that provide important regulating services linked to human health and well-being,
such as climate change mitigation through carbon sequestration, while limiting the possibilities marine habitats have to reduce
health risks associated with water pollution. This ongoing destruction or degradation also deprives people of the cultural services
important for human health and well-being (e.g., diminishing blue spaces where humans can, for example, practice sustainable ac-
tivities that promote good health) (Supplementary Table 1). For example, surfers may be at risk of exposure to and colonization by
clinically important antibiotic-resistant E. coli in polluted coastal waters (pelagic environment), as has been observed in the United
Kingdom [68]. Another example is the degradation of coralligenous assemblages, which are the most popular places for scuba diving,
an activity which, in a study carried out in the Mediterranean Sea, has been shown to be beneficial for the mental health of practi-
tioners [18].

4.2. Contact with species that cause harm

Some Mediterranean species can cause harm to people who come into contact with them. This has mainly involved sharks,
venomous fish — such as weevers from the genus Trachinus [69], certain species of jellyfish [70] and harmful algal blooms, or HABs
[71]. However, whereas sharks are in decline due to overfishing [72], some venomous and toxic species are on the rise due to global
climate change. This is the case with stinging jellyfish species such as Pelagia noctiluca [73], and HABs such as those produced by the
benthic dinoflagellate Ostreopsis spp [71]. The latter produces a range of toxins (including palytoxin) that pose a risk for public health:
HABs involving this dinoflagellate have been linked to sporadic acute respiratory symptoms and general malaise among people on a
number of Mediterranean beaches who were exposed to marine aerosols [74]. Climate change and the intensification of human ac-
tivities are leading to rapidly increasing numbers of non-indigenous species (NIS), known also as non-native or alien species, some of
which constitute a threat not only to human health, but also to the health of ecosystems ([1,75]). For example, the venomous lionfish
(Pterois miles) was originally restricted to the Indian Ocean, and but has expanded into the Mediterranean Sea [75]. The spines of this
fish contain venom that causes pain, nausea, and even paralysis to people who touch them [76]. It should be noted, however, that when
this fish is handled appropriately, it is still a source of seafood (provisioning service).

The increasing presence in the Mediterranean Sea of tetrodotoxin (TTX) is also linked to sea warming. Bacterially-produced TTX,
which is a powerful neurotoxin, is present in many puffer fish (Lagocephalus spp.) and a number of other marine organisms [77].
Marine puffer fish species are mainly distributed in tropical and subtropical areas but they are spreading to temperate areas of the
Mediterranean Sea as sea temperatures rise [78]. For example, in the eastern Mediterranean Sea, there have been reports of TTX
poisoning linked to ingestion of Lagocephalus sceleratus, an invasive species which is putting consumers in serious danger (reviewed by
Refs. [26,79]). Human intoxications manifest in diffuse muscle weakness, vomiting, tachycardia and hypertension, and can be fatal
[80]. A recent study listed 93 reported cases of intoxication and 12 deaths due to the consumption of this species in the Mediterranean
Sea [80]. The likelihood of catching L. sceleratus in the Mediterranean Sea is increasing and consequently, so is the possibility of it
accidently ending up in the food chain [81]. However, as with the lionfish, when handled appropriately, this species can still be a
source of seafood (provisioning service) as is the case in Japan, where puffer fish (locally known as “fugu”) are highly-prized
gastronomically.

Furthermore, the spread of people and infrastructure into biodiverse habitats, which is expected to increase significantly due to the
development of aquaculture plants and offshore wind farms in the Mediterranean Sea, may provide new pathways for some NIS and
opportunistic species, including, for example, harmful jellyfish. When natural habitat conditions are replaced by manmade infra-
structure, new artificial substrates appear which provide ideal conditions for the sessile polyp phase of jellyfish, thus playing a crucial
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role in their proliferations ([82,83]).

It must be stressed, however, that while there is a significant amount of research (revised by Ref. [11]) on terrestrial and freshwater
ecosystems, showing that contact with wildlife may lead to injuries through encounters with poisonous plants, fungi, snakes and
amphibians, as well as large predators, such as bears or alligators, research on this topic in the context of marine ecosystems is
relatively scarce.

4.3. Exposure to agents causing human infectious diseases and other diseases

Many infectious diseases (i.e. diseases caused by pathogens) can be, or have the potential to be, transmitted from wild animals to
humans, sometimes directly or else via vectors, such as insects or parasites, etc. [1]. Natural ecosystems tend to constrain such diseases
to particular geographical areas or particular seasons. However, changes to habitats can be beneficial to certain disease vectors or to
the pathogens themselves, resulting in higher rates of infection [1].

In the Mediterranean Sea, we found some evidence showing that habitat change — due to fishing, tourism activities, sea warming,
acidification and pollution, etc. — influences the risk of transmission of infectious diseases from marine species to humans, often
involving foodborne disease. For example, gastroenteritis caused by Vibrio (an opportunistic bacterial pathogen) infections in
contaminated seafood is now a major public health concern [84]. Vibrio species are becoming increasingly common in marine en-
vironments as sea-surface temperatures rise [85], and, therefore, Vibrio infections in Mediterranean coastal areas (which not only
affect humans, but also benthic animals, such as benthic corals) appear to be climate-linked ([86,87]). The risk of disease from
contaminated seafood may also be augmented by climate change, as is the case with salmonellosis, which is more prevalent in areas
with higher temperatures and is also associated with extreme precipitation and flooding [84]. Combined with a growing and
increasingly elderly population, annual cases of Vibrio infections may double in the coming decades, stressing the need for increased
individual and public health awareness in many countries [88].

Having said that, most of the evidence showing how habitat changes influence the risk of transmission of infectious diseases to
humans comes from terrestrial and freshwater ecosystems, where habitat loss and degradation has been linked to human health,
including outbreaks of infectious diseases such as Ebola, malaria, dengue, zika, SARS-COV-2, etc. ([10,89]). As natural habitats around
the world are increasingly disturbed, destroyed, or transformed into agricultural, industrial or urban areas, the interaction between
local communities and the flora and fauna around them also changes. One potential consequence of this is increased contact between
humans and animals carrying viruses, bacteria and other pathogens [90].

5. Future research needs

There is still much to learn about the links between marine habitat features (e.g. biodiversity and abiotic factors), habitat services
and human health and well-being. Further research is required and this needs to be tackled in an integrated way (benefits, risks and
threats).

With regard to the provisioning services provided by marine habitats, new studies are needed to ascertain how certain types of
fisheries affect the omega-3 fatty acids that benthic habitats provide. Trawling, for example, can reduce the abundance and biomass of
infauna, which serves as food source for many benthic fish species ([62,91]). Fisheries can also reduce the omega-3 fatty acid stocks
provided by pelagic species such as krill [92] and mesopelagic fish [93]. Global climate change can reduce the omega 3 fatty acids
provided by pelagic habitats by reducing the quantity and quality of plankton, which serves as food source for small pelagic fish such as
sardines and anchovies [94] and this also requires further investigation. Some studies have predicted substantial declines in the
essential fatty acid, eicosapentaenoic acid (one of several omega-3 fatty acids), over the next century [95], but none have yet
investigated the serious deleterious effects this may have on fisheries and human health. Besides human nutrition, there is a need to
evaluate the effect of trawling and other maritime activities on benthic habitats that are particularly rich in species with bioactive
compounds from which new marine drugs may be obtained, with a view to protecting these habitats. Also, robust investigation is
required into the overexploitation of vulnerable species by the biotechnology industry (e. g. the case of the American horseshoe crab
(Limulus polyphemus) [96] or by the so-called “traditional medicine” business in certain Asian countries [97].

With regard to the regulation services provided by marine habitats related to health, further studies are needed to assess the extent
to which greenhouse gases can be stored in different Mediterranean habitats, and the capacity of certain habitats, such as seagrass
meadows, to become buffers against natural disasters and to regulate water quality and pollution.

With regard to the cultural services provided by marine habitats, to date, no study has investigated which marine habitat features
facilitate better physical and mental health outcomes. Worldwide, such specific studies have been only conducted in terrestrial and
freshwater ecosystems, where enhanced biodiversity has been shown to promote physical activity. For example, biodiverse neigh-
borhoods tend to have more trees which provide a setting for social interaction and improved social cohesion. In addition, healthier
positive emotions have been linked with habitats that provide specific ecological elements, such as greater species richness of various
taxa of, for example, trees and birds, high vegetation density and landscape heterogeneity, and higher abundance of some taxa
(reviewed by Refs. [10,11]).

Furthermore, new studies are needed to understand how marine habitats can help to maintain mental health and well-being by
providing environments for physical activity and social interaction, or by providing restorative environments that stimulate interest,
and provide pleasant, calm spaces that help restore psychological well-being ([10,11]). To our knowledge, no study has yet investi-
gated the links between transcendent experiences such as humility, awe and reflection and place attachment or identity and health in
marine ecosystems. Again, such studies have only been conducted in the context of terrestrial and freshwater ecosystems, where, for
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example, qualitative research has shown that people’s sense of humility and awe is boosted while observing wildlife, and quantitative
research has shown that the number of habitat types, and species richness of different taxa (from plants and birds to butterflies) were
positively associated with reflection and people’s place attachment and identity (reviewed by Refs. [10,11]).

Finally, new studies are needed to investigate how changes to marine habitats give rise to the geographical expansion of marine
species that are harmful to human health — via consumption or contact — in the form of venom or other biotoxins (e.g. tetrodotoxins and
ciguatoxins), infectious agents such as parasites, virus and bacteria, or allergenic compounds.

6. Discussion

Protecting and restoring marine habitats, particularly by means of marine protected areas (MPAs), is an essential part of protecting
and maintaining human health. MPAs are playing an increasingly important role due to globally-agreed goals that seek to protect 30 %
of the world’s oceans by 2030 [98]. In line with this, the official target of the EU’s recently approved Biodiversity Strategy for 2030
[99] is to provide protection for 30 % of marine and terrestrial areas, with 10 % of this being under strict protection. However, at
present, less than 10 % of the Mediterranean Sea has been officially granted protected status [100]. At the same time, only a few types
of marine habitats — namely seagrass meadows, rocky reefs (including coralligenous assemblages), and maérl beds — are taken into
consideration by the EU Habitats Directive [101]. The Directive includes habitats per se, as is the case of the seagrass meadows of
Posidonia oceanica (classed as a priority habitat, code 1120 in Annex I of the Habitats Directive) and/or areas defined by the main
species conforming them, as is the case with maérl beds (the two main maérl species, Lithothamnion corallioides and Phymatolithon
calcareum, appear in Annex I as part of the Sandbanks, code 1110, and in Annex V). Other habitats such as crinoid beds, despite their
ecological importance (due to their ability to fix large quantities of nutrients from the water column to the substrate), do not have any
special protection in the Mediterranean [40]. The Habitats Directive is the EU’s main instrument for protecting marine species and
habitats and Member States are required to take appropriate management measures to ensure the ‘Favorable Conservation Status’ of
these habitats. The European Union is working on a nature restoration law, which aims to return nature and ecosystems to good
conservation condition [102]. The new rules would aim to restore habitats in EU countries that are in poor condition. This concerns
ecosystems on land, and in coastal, marine and freshwater habitats. The goal would be to put restoration measures in place for at least
30 % of these habitats EU-wide by 2030.

Habitat change and loss reduces the potential of marine ecosystems to provide healthy seafood, innovative pharmaceutical
treatments, and the opportunity to take part in healthy recreational and sporting activities. At the same time, among other dangers, it
increases the risk of disease and the detrimental health consequences of climate change.

Mitigation strategies of prevention, limitation, or management of habitat damage are crucial in addressing the impact of habitat
change on human health. Adaptation strategies to protect individuals and populations from the consequences of habitat change are
also necessary. The aims of the United Nations’ Millennium Development Goals (MDGs) are “to improve human well-being by reducing
poverty, hunger, and child and maternal mortality; ensuring education for all; controlling and managing diseases; reducing gender
disparities; ensuring sustainable development; and pursuing global partnerships”. The ongoing degradation or loss of habitats and the
harmful consequences this has for human health is a significant impediment to achieving these MDGs. Furthermore, the negative
impacts more often affect the more vulnerable human populations globally: the well-being of poorer populations is more directly
impacted by changes in ecosystems than that of wealthier populations ([1,103]). Historically, with increased demand from people
from wealthier areas, poorer people face a disproportionate loss of access to ecosystem services ([1,104]). In particular, seafood
provisioning is an important issue in low-income coastal regions, because the health of the communities living there, as in other parts
of the world, often depends directly on locally productive ecosystems to meet their basic nutritional needs ([1,105]). In the Medi-
terranean, four low-income countries (Tiirkiye, Tunisia, Algeria and Egypt), make up about 50 % of the total fishing capacity, which
illustrates the importance of local fisheries for these countries. Coastal habitats in developing countries, which had previously provided
local populations with food and livelihoods, can be rapidly transformed into huge areas of intensive aquaculture, whose produce —
shrimp is a common example — is mostly exported. Overfishing is another problem and many areas negatively impacted by it are
officially classed by the UN’s Food and Agriculture Organization (FAO) as LIFDCs, or low-income, food-deficit countries. Large foreign
fishing fleets catch significant quantities of fish off the coasts of various West African countries. But this contributes little to the
nutritional needs of local populations, since most of the catch is destined for Europe and Asia ([1,106]). Such developments widen the
gap between rich and poor countries, in terms of health and social conditions, leading to a negative spiral of more poverty, worsening
health and further degradation of ecosystems.

Various regional, national and international policy makers are increasingly recognizing the links between human health and
biodiversity, including those of marine habitats [19]. However, our understanding of the mechanisms and causal pathways that link
biodiversity and other features of marine areas to human health is still limited and this, in turn, places constraints on efforts to promote
nature-based public health solutions, and informed debate aimed at influencing public policy. In order to facilitate the integration of
marine policy with research in this field, the relationships between marine habitats, biodiversity, and human health need to be better
identified and defined. Determining the specific causal pathways by which certain marine habitat features affect human health is a
crucial aspect of such research. One way forward is to formulate conceptual frameworks that can be exploited in diverse ways, such as
identifying health indicators and interventions, policy making, and communication and dissemination among the broad range of
stakeholders ([10,11]). A good example of this is the conceptual framework linking biodiversity and human health developed by
Ref. [11], which was mainly derived from terrestrial and freshwater contexts; a similar framework adapted to the peculiarities of
marine ecosystems needs to be developed in the future.
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7. Conclusions

Overall, this study shows that Mediterranean marine habitats are valuable for human health and well-being, thus highlighting the
need to conserve as many of them as possible. Major Mediterranean marine habitats provide various provisioning, cultural and
regulating services that improve physical and mental health in a number of different ways. These include: (i) the provision of seafood
rich in omega-3 fatty acids, which help to reduce the risk of developing certain types of illnesses; and also, species that produce
bioactive compounds that are potential sources of new drugs; (ii) the provision of blue spaces — areas of water suitable for leisure and
recreational activities able to inspire, educate, and appeal to the aesthetic senses — that not only increase physical and psychological
health, but also foster an individual and collective sense of place and identity and contribute to improving social relations; and (iii) the
regulation of climate change, and of water quality and pollution, for example via sequestration of carbon and heavy metals, thus
reducing the associated health risks.

Protecting and restoring marine habitats and biodiversity (particularly through marine protected areas) is crucial for promoting
human health and well-being. In order to facilitate the integration of marine policy and research on conservation and public health
preservation, we need to better identify and characterize the specific causal pathways via which certain features of marine habitats —
including biotic factors (e.g. marine biodiversity) and abiotic factors (e.g. water quality) — affect human health and well-being. This
could be achieved through specific conceptual frameworks, as long as these are adapted to the peculiarities of the marine environment.

There is still much to learn about the links between marine habitat features, habitat services and human health and well-being.
Further research is required and this needs to be tackled in an integrated way (benefits, risks and threats). With regard to the pro-
visioning services provided by marine habitats, new studies are needed to ascertain how fisheries and climate change affect the omega-
3 fatty acids that marine habitats provide. With regard to the regulation services provided by marine habitats related to health, further
studies are required to assess the extent to which greenhouse gases can be stored in different Mediterranean habitats, and the capacity
of certain habitats to become buffers against natural disasters and to regulate water quality and pollution. With regard to the cultural
services provided by marine habitats, studies on which marine habitat features facilitate better physical and mental health outcomes
are needed. Furthermore, new studies are necessary to understand how marine habitats can help to maintain mental health and well-
being by providing environments for physical activity and social interaction, or by providing restorative environments. Finally, new
studies are needed to investigate how changes to marine habitats give rise to the geographical expansion of marine species that are
harmful to human health - via consumption or contact.

Policy makers should recognize the links between human health and marine biodiversity and should promote nature-based public
health solutions. Furthermore, mitigation strategies of prevention, limitation, or management of habitat damage are crucial in
addressing the impact of habitat change on human health.
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