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Abstract

:

Posidonia oceanica is an endemic Mediterranean seagrass used as a ‘biological quality element’ in monitoring programmes of the EU Water Framework Directive, providing information about coastal ecosystems status. The regression of P. oceanica meadows caused a growing interest among policy makers to assess the value of seagrasses and to increase their protection. An evaluation of P. oceanica meadows located in the Ligurian-Provençal basin (NW Mediterranean) through a biophysical approach is here developed. Six meadows located in Liguria (Italy) and Corsica (France) were investigated by applying the emergy analysis to assess the natural capital (NC) stocked by leaves and rhizomes components. Results highlighted the importance of carrying out an analysis of the variations in the NC value in both components: rhizomes defined the growth stage and the capacity to store NC over time; leaves provided information on the variability due to disturbances in the water column. Emergy analysis allows defining the NC, in terms of resources needed to maintain the meadows and to provide services to coastal communities. This research is inserted into the effort of incorporating the NC evaluation into marine planning and decision making to achieve nature conservation goals, while ensuring the sustainable exploitation of marine resources.
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1. Introduction


Marine coastal ecosystems are among the most productive ecosystems in the world [1,2], and they are able to provide a series of ecosystem services vital to human well-being [2,3], such as food provision, coastal protection against storms and floods, water purification, nutrients cycling, carbon sequestration, tourism and recreational and spiritual benefits [4,5,6,7]. The entire stock of natural assets (living organisms, oxygen, water, substrate and geological resources) that make up these ecosystems represents the natural capital [3,8]. From this natural capital, ecosystems functions and services arise, from which mankind obtains benefits. Thus, degradation of natural ecosystems, resulting in a natural capital loss, can in turn lead to the incapacity of ecosystems to deliver benefits to humans [9,10,11]. Therefore, protection and sustainable management of the natural capital, through effective nature conservation strategies are necessary for continued or enhanced ecosystem service delivery [12]. In the Fourth Italian Natural Capital Report of 2021, it is stated that in the six years from 2012 to 2018, there has been a decrease in the flow of many ecosystem services (e.g., biomass supply, fisheries, water quality, erosion protection, etc.) as a result of the loss of natural capital that generates them, and these losses are almost always negatively reflected in the economic values dependent on them [13]. Because of this, a proper natural capital assessment is necessary in order to manage and preserve the natural capital itself over time.



Natural capital has become increasingly important for ecosystem protection and conservation strategies. For example, the “ecosystem services cascade” [14] highlighted how human activities and, consequently, human well-being depend on the presence and status of natural capital. The cascade can be interpreted as the pathway from the ecosystem structure and processes to human welfare [15]. All the functions originate from biophysical components, which constitute the natural capital stock. Only a part of ecosystem functions is exploited by humans. This part constitutes the set of ecosystem services [16]. For instance, coastal ecosystems (biophysical component) produce fishes biomass, which constitutes natural capital stock. The natural capital maintains the coastal trophic chain and the nutrient cycling (functions). Some species that compose the coastal trophic chain are then exploited by humans for nutrition purposes (ecosystem services). The harvested fish is sold on the market, providing economic revenues and organoleptic benefits to the human population.



At the political level, natural capital accounting has been recognised by the United Nations, more recently through the definition of the Sustainable Development Goals (SDGs) of the 2030 Agenda, particularly for targets 6, 13, 14 and 15.



Natural capital accounting may provide important input for the analytical methods in designing, implementing and reviewing evidence-based SDG policies, but experience demonstrated that natural capital accounting is under-exploited in national SDG policy processes [17].



Nevertheless, natural capital accounting is seen as a useful integrated information framework to inform the SDG policy process and ensure integration and consistency between several of the SDG indicators, especially where different custodian agencies are involved. Given the coherent and structured setup of this evaluation, natural capital accounting can help these processes by promoting a systems-based approach and by creating institutional conditions for more integrated data compilation, analysis and policymaking.



The seagrass Posidonia oceanica (L.) Delile forms dense meadows widely distributed throughout the Mediterranean Sea covering approximately 1.1% of its surface (~28,000 km2) [18]. It can develop from 0.5 m down to over 40 m depth [19], representing one of the most valuable habitats in coastal waters. Thanks to its ecological role, P. oceanica is protected by EU legislation (Habitats Directive 92/43/EEC) and classified as a Least Concern species on the IUCN Red List [20]. P. oceanica meadows constitute a substantial part of natural capital providing a range of ecosystem functions and services for human well-being. For this reason, this seagrass has a very important role under both ecological and economical views [21,22,23,24].



The P. oceanica meadows represent the main source of coastal primary production also acting as nursery area and permanent habitat for numerous plant and animal species [21,24,25]. The considerable leaf biomass that characterizes meadows reduces hydrodynamic energy, preventing shoreline erosion [26] and promoting the sedimentation of particulate matter, which results in an increase of water transparency [24]. Despite this species being one of the main targets of conservation actions, the regression of P. oceanica meadows is well-documented over the whole Mediterranean basin and mainly in the north-western sector [26,27,28,29,30,31]. P. oceanica is highly threatened by the presence of important urban settlements and human activities [14,32] that are primarily responsible for environmental changes and coastal pollution [33,34,35,36]. Due to its sensitivity to anthropic pressure, P. oceanica is considered as a biological indicator able to define the quality of water bodies (Water Framework Directive 2000/60/EC).



In this research, both the leaves and the rhizomes parts of P. oceanica meadows were analysed aiming at an overall quantification of the stored natural capital within the meadows and at assessing possible changes in natural capital values due to the seagrass growth and to the anthropogenic pressures along the coast. A biophysical framework to assess the natural capital value of P. oceanica meadows is here proposed by means of emergy evaluation. Emergy is an accounting method able to evaluate the convergence of matter and energy (several inputs) in a system on a common basis. Odum [37] defined emergy as “the availability of energy of one kind that is used up in transformations directly and indirectly to make a product or service”. Emergy represents a measure of the work done by nature to generate and maintain a system, a flow or a service calculated on the basis of the solar energy processed (and memorized) in space and time [38]. As a matter of fact, emergy allows the quantification on a common basis of all the inputs that feed a system. From a biophysical perspective, this quantification represents the cost of production of a natural system and may be interpreted as a metric of the value of the system itself. Thus, emergy may be considered as a proxy of the natural capital stored and of the functions generated by ecosystems [39]. The use of this approach allows a deeper knowledge of the status of the coastal ecosystem in order to better manage and protect the natural capital stocked and the services provided by P. oceanica meadows.




2. Materials and Methods


2.1. Study Area


The study was carried out in two coastal areas located along the eastern coast of Liguria (NW Italy) and in Sant’Amanza Bay (SE Corsica, France). In total, six P. oceanica meadows were surveyed through underwater sampling of two stations for each meadow at 15 m depth (Figure 1 and Table 1).



Each site represents a different level of ‘naturalness’, according to the degree of human pressure along the coast and to the protection regime [40]. Camogli and Punta Pedale belong to the Marine Protected Area (MPA) of Portofino (zone C, partial reserve according to Italian classification) while Monterosso al Mare belongs to the Cinque Terre MPA (zone B zone, general reserve) and the site of Sant’Amanza belongs the Natural Reserve of Corsica “Bouches de Bonifacio”. The other investigated sites are located outside MPAs, in areas affected by a higher degree of human pressure due to the vicinity of settlements and nautical tourism.




2.2. Field and Laboratory Activities


Sampling activities were carried out during the summer seasons of 2017 and 2020 by scuba diving. The shoots density was counted using a 40 × 40 cm quadrat. The number of replicates made for each summer season was chosen according to the national protocol of the two countries: 9 replicates for the Italian meadows, based on the ISPRA monitoring protocol (www.isprambiente.gov.it/it, accessed on 24 August 2021), and 5 replicates for the Corsican meadows in adequation with the French practice [41]. At 15 m depth, orthotropic (vertical) rhizomes were sampled in not-contiguous zones for laboratory analysis: 18 rhizomes were collected in each station for the Ligurian meadows during the 2017 summer season and 10 for the Corsican one during the 2020 summer season.



Thereafter, in the laboratory, the phenological analyses, carried out on the leaves of P. oceanica of sampled shoots, and the lepidocronological analyses, carried out on the sampled rhizomes, were made using a standardized method [42,43] that allows getting information about the current status of the meadow. The leaves in each sampled shoot were counted and their lengths and widths measured. Thus, through phenological analysis, it was possible to find the number of leaves (n_leaves·shoot−1), leaf width (cm) and leaf length (cm), which allows to calculate the leaf surface for shoot (cm2·shoot−1). After that, all the epiphytes were accurately scraped off from the leaves; the leaves biomass was estimated as grams of dry weight, dried at 70 °C for 48 h and then converted in grams of carbon (gC·m−2) [42,43,44,45,46].



For the analysis of rhizomes, it was necessary to estimate the life cycles of the plant. Annual life cycle is considered as the period starting from the spring season, when the plant produces the new juvenile leaves, to the spring of the following year, when it loses all its adult leaves. Life cycles were studied through lepidochronological analysis, a retrospective technique that provides reliable estimation of seagrass growth performance, expressed as annual vertical growth (namely rhizome elongation, mm·a−1) and leaf production (g·m−2·a−1) [47]. This retrodating technique allows estimating the life cycles of the rhizome, by isolating and dating rhizome segments corresponding to a one-year period (lepidochronological year). Each lepidochronological year is dated starting from the rhizome apex (sampling year) downward and backdating the sequence of cycles with their corresponding rhizome segment [48]. In this study, for each rhizome, only the three most recent lepidochronological years (henceforth “three-year period”), excluding the first two years from the apex which are still in the growth phase, were considered in the laboratory analysis since they are representative of the condition of the meadows at the sampling time.



It was not possible to sample the entire rhizome due to the consequent mechanical damage on the meadows. Excluding the apex part, the rhizome is indeed belowground: sampling it entirely would imply technical constraints and would be highly destructive. Consequently, to estimate the number of life cycles of each meadow, it was possible to consider an average total rhizome length (beyond the “three-year period”) of 30 cm length [49]. Considering this length was necessary to estimate the number of life cycles [49] of each meadow. The length of the rhizome divided into a number of segments equal to the number of life cycles determines the annual rhizome growth [50]. Therefore, the number of segments that characterizes the life cycles were distinguished in the rhizomes.



Lepidochronological analysis, moreover, allowed to obtain the yearly rhizome biomass (gC·m−2) through the weight of the segments obtained, to count the number of leaves produced annually during the “three-year period” (n·a−1) and to estimate the leaf production considering the scales thickness of each rhizome segment (g·m−2·a−1).




2.3. Emergy Application


Meadows were analysed to quantify the variability between sites within the ecosystem using emergy stored as a metric of the natural capital. Emergy analysis was applied to assess the effort made by a natural system (measured as resources, space and time invested) to produce a biomass stock [51,52]. Emergy is a biophysical evaluation method, able to quantify physical features [37,53,54,55], which is why it is considered particularly suitable for environmental accounting [15].



Emergy is a thermodynamic methodology introduced in the 1980s by H.T. Odum [37,56], which is based on the detailed inventory of all resources directly or indirectly exploited to obtain a product or maintain a process. Its unit is solar emergy Joules (sej) because it is expressed as the solar energy used to generate or maintain biomass of all the organisms within the habitat [52]. The emergy content of a system or a flow is often translated in an equivalent monetary value by means of a combination of emergy and economic value, called “emergy-to-money ratio” (EMR). This is calculated as the ratio of the emergy flow to a nation to its GDP (gross domestic product), expressed in sej€−1, and it represents how much emergy corresponds, on average, to one unit of money produced by the national economy. Dividing the emergy content of a system by the EMR, it is possible to translate in monetary units the natural value of the system. This conversion does not change the meaning of emergy accounting but translates the value of the biosphere’s investment in a common representation of value (money), helping to bridge the gap between biophysical and economic assessments. Thus, invested resources are then expressed in monetary terms (emergy euros-em€) employing the 9.60 × 1011 sej/€ ratio [57]. In this study, emergy is calculated adopting the baseline of 15.20 × 1024 sej [58].



Using data obtained through laboratory activities (leaf and rhizome biomasses), emergy analysis was applied to get the natural capital value of the P. oceanica meadows following the procedure described by Paoli [51] and Vassallo [52].



The differences in natural capital stored by the rhizomes and leaves were also investigated together with the analysis of change in the natural capital value due to the geographical position and natural or anthropogenic drivers that insist on P. oceanica meadows.



The model of natural capital assessment that was followed consists of three main steps: (1) trophodynamic analysis (estimation of the primary productivity supporting the benthic trophic web); (2) biophysical accounting (estimation of the biophysical value of natural capital that support the biocenosis in terms of emergy associated with the natural resource flows (e.g., nutrients, sun, rain) that enabled the formation of the natural capital stock); (3) monetary conversion (conversion of the biophysical value into monetary units).




2.4. Trophodynamic Analysis


For the first step (trophodynamic analysis), the biomasses were obtained through both the laboratory activity and the literature. The biomasses of leaves and rhizomes were obtained during laboratory activities. Instead, the main taxonomic groups associated to the habitat of P. oceanica, reported in Appendix A (Table A1), and their biomasses were estimated through literature [32,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79]. These biomasses were found in grams of dry weight and then transformed into the corresponding primary productivity with the following procedure. The primary productivity sustains the trophic network and can be calculated by applying a specially formulated approach developed by Pauly and Christensen [80] taking into account two parameters:




	-

	
Trophic level of the species;




	-

	
The rate of energy transfer from one trophic level to the next, assumed to be 15% for coastal systems [81].









According to the original formula from Pauly and Christensen [80], considering a transfer efficiency equal to 10% among trophic levels, primary productivity that sustains the biocenosis can be calculated as:


P = B × 10(T−1)



(1)







If the 15% transfer efficiency is considered, the formula becomes as follows:


P = B × 7(T−1)



(2)




where:



P = primary productivity;



B = biomass of each taxonomic group present within the biocenosis;



T = trophic level.



In this way, starting from the biomass values, it is possible to calculate all the primary productivity, in terms of quantity of carbon that is necessary to obtain the biomass stocked yearly by each taxonomic group and which hence sustains the biocenosis.




2.5. Biophysical Accounting


For the second step of the natural capital assessment (biophysical accounting), all the natural resources (i.e., carbon, nitrogen, phosphorus, solar radiation, chemical potential of rain, wind, kinetic current, geopotential current, geothermal heat, tides, runoff) that enable the creation of this primary productivity are identified. The amounts of nitrogen and phosphorus assimilated in organic matter are calculated according to the ratio C:N:P of 41:7:1 [82]. For other natural flows, the formulas described in Appendix B (Table A2) are applied [37]. All these inputs are then converted into emergy units by using specific Unit Emergy Values (UEVs), i.e., the emergy required to generate one unit of output [37], reported in Appendix C (Table A3).



The inputs, transformed into emergy value, are summed to assess the emergy density value of the natural capital (sej m−2). Only the maximum among co-products (nutrients and solar radiation, rain, wind and currents) is chosen and included in the sum to avoid double counting for the final result. On the contrary, tides, geothermal heat and runoff are considered separately because they are generated by different processes at global scale [83,84].




2.6. Monetary Conversion


As the last step of the assessment (monetary conversion), results obtained are converted into monetary terms (em€) using the EMR ratio for Europe explained above.





3. Results


3.1. Field and Laboratory Activities


Results for both leaves and rhizomes obtained through field surveys and laboratory analysis are reported below (Table 2 and Table 3).



Results are expressed as the average between the two stations of each meadow. Considering leaves, shoot density exhibited average higher values for the meadows of Framura (454.17 shoot·m−2) and Sant’Amanza (436.73 shoot·m−2) and lower value for the meadow of Monterosso al Mare (352.78 shoot·m−2).



The average number of leaves per shoot varied between 4.97 (Prelo-San Michele, Framura, Monterosso al Mare and Sant’Amanza) located out of protected areas exapted for Monterosso al Mare and 6.03 (Camogli and Punta Pedale), located in the Portofino MPA. The average leaf width showed similar values in all the sampled sites. Conversely, the leaf length resulted higher for the meadows of Camogli 37.09 cm) and Sant’Amanza (37.01 cm) and lower for those of Framura (24.88 cm) and Monterosso al Mare (23.49 cm). The average leaf surface per shoot was higher for the meadows of Camogli (320.08 cm2·shoot−1) and Punta Pedale (298.47 cm2·shoot−1), followed by Sant’Amanza (228.65 cm2·shoot−1), Prelo-San Michele (207.551 cm2·shoot−1), and lower for Monterosso al Mare (155.23 cm2·shoot−1) and Framura (153.70 cm2·shoot−1).



The average leaf biomass was higher in Sant’Amanza (154.85 gC·m−2) and lower in Monterosso al Mare (90.26 gC·m−2).



Regarding rhizome, the Camogli meadow exhibited the highest average elongation of the rhizome with a value of 8.13 mm·a−1, while the lowest one was found in the Prelo-San Michele meadow, with 4.83 mm·a−1. The average higher number of life cycles was found for the meadows of Prelo-San Michele and Monterosso al Mare (60–62 life cycles) while the lower number of cycles corresponded to the meadows of Punta Pedale and Camogli (37–42 life cycles).



Furthermore, the regression between the elongation of rhizomes and the number of life cycles, useful to detect the change in elongation due to age, showed that they are inversely related (linear regression: r = 0.99; N = 6; p < 0.001).



The average production of leaves was greater in Camogli (1158.24 g·m−2·a−1), located in the Portofino MPA, while the lowest value was found in Prelo-San Michele (192.49 g·m−2·a−1), out of the same protected area. Rhizomes exhibited a higher leaf production in the meadows of Punta Pedale (7.85 leaves per year on average) and Camogli (7.55 leaves per year on average) and a lower leaf production in Prelo-San Michele (6.50 leaves per year on average) and Sant’Amanza (5.00 leaves per year on average).



The average rhizome biomass showed the highest value in Camogli (730.90 gC·m−2) and the lowest in Monterosso al Mare (377.87 gC·m−2).




3.2. Emergy Application


Natural resources associated to the study area, which permit the creation of the primary productivity and consequently generate and maintain natural capital stocks through time, were identified and calculated through the formulas reported in Appendix B. The results obtained for each resource (Table 4) were then converted into emergy units by using specific UEVs reported in Appendix C (Table 5).



It can be seen that the dominant input was run off (row 11 in Table 5) and that Prelo-San Michele and Monterosso al Mare required the greatest amount of resources to produce and maintain the natural capital stock.



As for natural capital results, both the leaves and rhizomes showed average higher values in the meadows of Prelo-San Michele (leaves: 6.99 × 1012 sej m−2 a−1–7.28 em€ m−2; rhizomes: 1.04 × 1014 sej m−2 a−1–108.29 em€ m−2) and Monterosso al Mare (leaves: 5.17 × 1012 sej m−2 a−1–5.38 em€ m−2; rhizomes: 1.01 × 1014 sej m−2 a−1–105.03 em€ m−2) sites. On the contrary, the natural capital stocked in Sant’Amanza (leaves: 4.70 × 1012 sej m−2 a−1–4.90 em€ m−2; rhizomes: 6.37 × 1012 sej m−2 a−1–66.35 em€ m−2) and Camogli (leaves: 4.51 × 1012 sej m−2 a−1–4.70 em€ m−2; rhizomes: 6.39 × 1013 sej m−2 a−1–66.58 em€ m−2) was lower (Figure 2). The greatest part of the natural capital was stored in the rhizomes and preserved over years.



Additionally, the regression between the annual rhizome elongation and the storage of natural capital in the rhizomes of the different meadows reported a significant inverse correlation (linear regression: r = 0.98; N = 6; p < 0.001).



In addition, the stored natural capital per unit of time is analysed. The results are shown in Table 6, where it is possible to identify the greatest annual accumulation of natural capital for the Camogli meadow (1.76 × 1013 sej·m−2·a−1, 18.36 em€·m−2·a−1) and the smallest in Prelo-San Michele (5.50 × 1012 sej·m−2·a−1, 5.73 em€·m−2·a−1).





4. Discussion


This study analyses the natural capital stored in several meadows through a biophysical approach, using emergy analysis. The evaluation was performed in order to assess the status of both leaves and rhizomes of each meadow. The differences found between the meadows in the Ligurian-Provençal basin allowed investigating variations in the natural capital values of P. oceanica due to current and past disturbance events, characteristic changes due to different ages and geographical locations.



The analysis of rhizomes allowed characterising meadows with different development stages and classifying them accordingly. Specifically, the elongation of rhizomes is inversely proportional to the number of life cycles of the seagrass. This means that shorter segments of rhizomes correspond to more adult stages than longer ones. This is in agreement with previous studies [51,85,86,87,88,89,90,91,92], which highlighted that rhizome elongation decreases with shoot ageing as a consequence of a decrease in vertical growth rate [48]. The respiration of rhizome tissues, which, contrarily to leaves, are not deciduous, may be responsible for a considerable proportion of total respiration [22]. Consequently, when rhizomes reach high elongation, they subtract carbon that would be potentially fixed by photosynthesis (as primary production of leaves and new rhizomes) [93]. Especially in P. oceanica, which belongs to the group of large seagrasses [94], rhizomes respiration requires higher costs than in small plants, in terms of resources for constructing and maintaining the segments that compose the rhizome [95,96].



Accordingly, our study found that meadows with a lower number of life cycles have high net community production in the short term (as leaf production and rhizome elongation) [94], demonstrating to be in a growing stage: Camogli, Punta Pedale and Sant’Amanza. On the other hand, meadows with higher number of life cycles and low net community production can be considered mature: Prelo-San Michele, Monterosso al Mare and Framura.



Meadows showed similar behaviour when analysing in more detail both the leaves and rhizomes of the seagrass. Taking into account the ratio between production and biomass at the rhizome level, it can be seen that growing meadows produce rhizome biomass about three times more than mature ones. Nonetheless, growing meadows were not able to store a greater amount of natural capital in comparison with mature ones. This behaviour was also assumed by the plant at leaf level, where the old Prelo-San Michele meadow had leaf length and leaf surface smaller than the young Camogli, Punta Pedale and Sant’Amanza ones (Table 2). Analysing the ratio between leaf production and leaf biomass, in growing meadows the ratio was about double than in the mature ones. These outcomes demonstrated that the growing meadows were able to produce much in a short time as opposed to old ones. On the other hand, mature meadows stored more natural capital, reaching the homeostasis stages that have allowed them to maintain themselves over time [97]. This is why they imply greater cost, in terms of resources exploitation, also to maintain the unbalanced ratio among respiration and photosynthesis. A further confirmation was given by the significant inverse correlation between annual rhizome elongation and storage of natural capital in the rhizomes of different meadows, which showed that lower annual rhizome elongation involves a higher natural capital value. The rhizome is a sink of natural capital, tracking changes that occur over time and whose analysis can provide important information about meadows functionality.



Since in this study the most recent three years were examined and taken as representative of the rhizome in order to define its life cycles, this research did not allow to provide information about the period prior to recent years. Therefore, the lower rhizome elongation capacity for the Prelo-San Michele and Monterosso al Mare meadows could also be due to other disturbing factors not related to the number of life cycles. Age, in this way, could be a confounding factor [8,50] because, if a disturbance has an effect on growth and the distribution of considered meadows is unbalanced between disturbed and undisturbed areas, ignoring age may change the ability to detect the impact and to estimate its magnitude. Therefore, it would be better to exclude the number of life cycles in order to define also what other disturbances influence the meadows status. To do this, it is important to take into account the leaves of P. oceanica meadows because they are more responsive to anthropogenic pressures than the rhizomes [8,50], giving a snapshot of the current ecological status. In fact, changes that happened recently along the water column were quickly recorded by the leaf component, while changes due to long lasting environmental conditions were recorded in the rhizome, which tends to buffer the result and to lose information over time.



Thus, the lower rhizome elongation in Prelo-San Michele and Monterosso al Mare, as well as the shorter leaf length and leaf surface, can be interpreted, excluding the age factor, as responses to possible disturbances to which the meadows are subjected.



Likewise, the analysis of the leaf natural capital stored per unit time identified the Camogli and Punta Pedale meadows as more efficient than others, in particular more than Prelo-San Michele, probably also thanks to the protective measures of Portofino MPA where they are integrated and which may allow more efficient capital storage (Table 6). MPAs have a fundamental role in the protection of the marine environment and, at the same time, in promoting the enhancement of a sustainable socioeconomic development of local community [51,98,99,100].



Nevertheless, the same leaf natural capital storage per unit time was not showed by the Monterosso al Mare meadow, located in Cinque Terre MPA. Due to its worldwide fame, this area is subjected to human pressure, being affected by a more massive tourism than Portofino, characterized on the contrary by an elite-type tourism [48]: this can influence the capacity of meadows to produce natural capital. The same consideration can be done for the Sant’Amanza meadow, which is included in an MPA but submitted to an important level of anchoring on P. oceanica (https://plateforme.medtrix.fr, accessed on 24 August 2021), causing an intense mechanical impact on the meadow [101,102].



Regarding the meadows outside MPAs, they had lower values of natural capital stored per year in the rhizome and leaf components because they were still subjected to greater and not regulated pressures. The Framura meadow is fragmented with signs of regression [103] also because it is located in an area that had seen numerous silting events due to the release into the sea of waste materials from excavations and quarrying activities for the construction of the railway line along the coast [104]. Prelo-San Michele meadow showed an even lower efficiency in natural capital production due to the poor performance of the mature plant stages but also to the disturbances to which it is or has been subjected for many years [105,106]. The lower natural capital value at shallow portions may be the consequence of a multitude of human impacts from the shore, ranging from beach replenishment [107] to coastal structure building [108], and of the long-established practice of deploying the anchoring chain system during summer [101]. Before the installation in this site of a seagrass friendly mooring technology, adopted for preserving the integrity from intense anchoring and mooring activities [109], about 25–40% of shoots were removed and uprooted by the action of the chains in Prelo-San Michele [102]. Moreover, the storage capacity of Prelo-San Michele meadow may be negatively influenced by the two close little towns (Santa Margherita and Rapallo) highly visited by tourists during the summer period and by the influence of current along the east side of the Portofino promontory [110,111] which can lead pollutants from the nearby Entella River [112]. It is recognised that structurally damaged ecosystems have little resilience: the low shoot density values, recorded in Prelo-San Michele meadow, indicate that here P. oceanica is far from the good status and optimum vigour that lie behind ecosystem health [16,102,113] even if its growth mature stages have allowed it to accumulate a lot of natural capital over time. A low shoot density reduces sediment retention [114], increases current and wave action [115], and depresses plant growth [116] causing the inability of the system to recover its primordial structure.



The ecological importance of seagrasses is linked to a large extent to its three-dimensional structure [78]: repeated actions for long period of time of ripping-out shoots by chains could disrupt such structure [117] and, as a consequence, a slow production of natural capital and a reduction of its ecological role. Indeed, damages do not only affect the plant but the entire ecosystem, causing, in some cases, even changes in the trophic structure of the habitat [118].



Additionally, it has been demonstrated in the literature [119,120] that disturbances have a direct effect on the age structure of the meadow. Therefore, the slower rhizome growth that we recorded in Prelo-San Michele compared to nearby Punta Pedale may be due to an alteration caused by the pressure exerted over time by anchoring on the P. oceanica meadow in the former meadow. These appraisals need to be further verified with more detailed studies, for instance, investigating different geographic sites and seasons. Moreover, the relationship between anthropogenic disturbances and ecosystem health and natural capital needs to be surveyed in order to verify if intermediate intensities of anthropogenic pressures may have positive effects on ecosystem performances. In particular, the Intermediate Disturbances Hypothesis (IDH) declares that diversity of competing species should be increased at intermediate intensities of disturbance [121]. Although the IDH has been recently criticized [122], it remains a widely adopted model that cannot be neglected. Notwithstanding, it should be also taken into account “that nature is more complicated than our oversimplified theories” [122]. For instance, multiple factors, which we may not be able to detect, can generate disturbances on diversity very different from those predicted. As a consequence, in the absence of more detailed studies, a precautionary approach should be adopted in order to avoid irreversible damages. Thus, anthropized areas will require extraordinary management efforts [109] to ensure the recovery of seagrass and its good ecological status, even though some may even be considered irrecoverable [123]. The load from human activities should not exceed the carrying capacity of the environment, but it is important to preserve habitats in order to keep the natural capital intact [15,124].




5. Conclusions


In this study, emergy analysis was applied to six Posidonia oceanica meadows in the NW Mediterranean, in Liguria (Italy) and Corsica (France), to investigate the value of natural capital stored within seagrass meadows in both their rhizomes and leaves. This allowed identifying a decrease in rhizome elongation, as the number of life cycles increases, and a greater storage of natural capital over time for meadows with a greater number of life cycles. Seagrass meadows in growing stage were, therefore, faster in growth and elongation in both rhizomes and leaves but had a lower storage capacity. Considering the status and natural capital of leaves, it was possible also to identify those meadows influenced by anthropogenic disturbances along the water column. Indeed, some of them located in MPA are less affected by human activities than others in areas of greater anthropogenic disturbances. In conclusion, this research highlighted the importance of the application of emergy analysis, which allowed for a comprehensive scrutiny of all the resources invested by the seagrass to store its natural capital. This approach permitted to describe the status of the meadows in more detail, even better, by investigating both leaves and rhizomes because one could be incomplete without comparison with the other.
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Appendix A. Main Taxonomic Groups Associated to the Habitat of P. oceanica


Below the main taxonomic groups associated to the habitat of P. oceanica are reported.
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Table A1. List of the main taxonomic groups selected in literature [33,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80] for the emergy application.






Table A1. List of the main taxonomic groups selected in literature [33,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80] for the emergy application.





	Main Taxonomic Groups





	Fitoplancton



	Microphytobenthos



	Macroalgae



	Bryozoa



	Porifera



	Cnidaria



	Ascidiacea



	Foraminifera



	Echinodermata



	Crustacea



	Mollusca



	Anellida



	Sipunculida









Appendix B. Formulas Employed for Emergy Application


The formulas used for the quantitative assessment of the natural inputs that support primary production within the biocenosis are reported below. Time for stock formation was calculated using appropriate P/B ratios that identify the time required to obtain the biomass that constitutes the habitat.
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Table A2. Formulas used to calculate all the resources invested to support primary production within the biocenosis.
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	Items
	Formula
	Unit
	References





	Carbon
	Benthic biomass obtained in the laboratory
	g
	This study



	Nitrogen
	Benthic biomass obtained in the laboratory ×7/41
	g
	This study



	Phosphorus
	Benthic biomass obtained in the laboratory/41
	g
	This study



	Solar radiation
	annual solar radiation per unit area area × (1-albedo) × area × time for stocks formation
	J
	This study



	Rain (chemical energy)
	annual rainfall × Gibbs free energy × water density × area × time for stocks formation
	J
	[37]



	Wind
	air density × drag coeff. × (wind speed · geostrophic wind velocity)3 × area × seconds per year × time for stocks formation
	J
	[37]



	Kinetic current
	½ × height of water evaporated on average in the Mediterranean due to currents× velocity2 × water sea density × time for stocks formation
	J
	[84]



	Geopotential current
	½ × height of water evaporated on average in the Mediterranean due to currents2 × water sea density × gravity ×time for stocks formation
	J
	[84]



	Geothermal heat
	area × geothermal flux × time for stocks formation
	J
	[125,126]



	Tides
	½×number of tides per year × (height)2 × density × gravity × area × time for stocks formation
	J
	[125,127]



	Runoff
	(annual rainfall−evaporation−aquifer infiltration) × water density × Gibbs free energy × catchment area
	J
	[37]









Appendix C. UEVs Employed for Emergy Application


Below Unit Emergy Values (UEVs) used to convert natural inputs into emergy units, are reported associated to its references.
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Table A3. UEVs used to convert all resources invested to support primary production (Table A2) into emergy units.
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	Items
	UEVs
	References





	Carbon
	1.02 × 108
	[128]



	Nitrogen
	7.40 × 109
	[37]



	Phosphorus
	2.86 × 100
	[37]



	Solar radiation
	1.00 × 100
	[37]



	Rain (chemical energy)
	2.93 × 104
	[37]



	Wind
	2.41 × 103
	[37]



	Kinetic current
	1.77 × 107
	[37]



	Geopotential current
	3.80 × 104
	[37]



	Geothermal heat
	5.53 × 104
	[37]



	Tides
	2.71 × 104
	[37]



	Runoff
	6.61 × 104
	[37]
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Figure 1. Study area including six P. oceanica meadows in the regions of Liguria (Italy) and Corsica (France), located in the north-west of Mediterranean Sea. 
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Figure 2. Natural Capital (NC) stocked by the leaves and rhizomes components of P. oceanica, expressed as sej·m−2 and em€·m−2, in the meadows investigated. 
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Table 1. Coordinates of the two transects surveyed in each of the six meadows investigated.
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	Meadow Location
	Region
	Protected Area
	Station 1
	Station 2





	Camogli
	Liguria
	x
	44°19.650′ N, 9°9.000′ E
	44°20.517′ N, 9°9.267′ E



	Punta Pedale
	Liguria
	x
	44°19.215′ N, 9°12.790′ E
	44°19.086′ N, 9°12.703′ E



	Prelo-San Michele
	Liguria
	
	44°20.216′ N, 9°13.454′ E
	44°20.426′ N, 9°13.467′ E



	Framura
	Liguria
	
	44°12.363′ N, 9°32.304′ E
	44°12.372′ N, 9°32.386′ E



	Monterosso al Mare
	Liguria
	x
	44°8.559′ N, 9°38.554′ E
	44°8.264′ N, 9°38.406′ E



	Sant’Amanza
	Corsica
	x
	41°27.795′ N, 9°15.737′ E
	41°26.102′ N, 9°13.605′ E
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Table 2. Results for the leaves of Posidonia oceanica meadows obtained through field surveys and laboratory analysis Values are expressed as the average between the two stations of each meadow.
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	Unit of Measure
	Camogli
	Punta Pedale
	Prelo-San Michele
	Framura
	Monterosso al Mare
	Sant’Amanza





	shoot density
	shoot·m−2
	405.56
	362.50
	365.28
	454.17
	352.78
	436.73



	leaves number
	no. leaves·shoot−1
	6.03
	5.67
	5.42
	4.97
	5.36
	5.00



	leaf width
	cm
	0.88
	0.92
	0.71
	0.73
	0.79
	0.76



	leaf length
	cm
	37.09
	34.73
	30.12
	24.88
	23.49
	37.01



	leaf surface
	cm2shoot−1
	320.08
	298.47
	207.55
	153.70
	155.23
	228.65



	leaf biomass
	gC·m−2
	110.95
	93.23
	118.64
	136.51
	90.26
	154.85
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Table 3. Results for the rhizomes of Posidonia oceanica meadows obtained through laboratory analysis. Values are expressed as the average between the two stations of each meadow.
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	Unit of Measure
	Camogli
	Punta Pedale
	Prelo-San Michele
	Framura
	Monterosso al Mare
	Sant’Amanza





	number of life cycles
	No.
	37
	42
	62
	51
	60
	44



	rhizome elongation
	mm·a−1
	8.13
	7.17
	4.83
	6.57
	5.02
	7.40



	leaf production
	g·m−2·a−1
	1158.24
	688.17
	192.49
	459.85
	376.80
	608.99



	leaves number per year
	No. leaves·a−1
	7.55
	7.85
	6.50
	7.25
	7.20
	5.00



	rhizome biomass
	gC·m−2
	730.90
	625.27
	412.18
	533.61
	377.87
	412.10
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Table 4. Quantity of natural resources necessary to sustain primary production of the meadows analysed.
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Quantity




	

	

	
Unit of Measure

	
Camogli

	
Punta Pedale

	
Prelo-San Michele

	
Framura

	
Monterosso al Mare

	
Sant’ Amanza






	
1

	
Carbon

	
g

	
2.03 × 103

	
1.91 × 103

	
1.72 × 103

	
1.86 × 103

	
1.72 × 103

	
1.66 × 103




	
2

	
Nitrogen

	
g

	
3.47 × 102

	
3.26 × 102

	
2.94 × 102

	
3.18 × 102

	
2.94 × 102

	
2.83 × 102




	
3

	
Phosphorus

	
g

	
4.96 × 101

	
4.66 × 101

	
4.20 × 101

	
4.54 × 101

	
4.20 × 101

	
4.05 × 101




	
4

	
Solar radiation

	
J

	
1.97 × 1011

	
2.22 × 1011

	
3.26 × 1011

	
2.66 × 1011

	
3.26 × 1011

	
3.11 × 1011




	
5

	
Rain (chemical potential)

	
J

	
2.07 × 108

	
2.33 × 108

	
3.41 × 108

	
2.79 × 108

	
3.41 × 108

	
3.26 × 108




	
6

	
Wind

	
J

	
5.38 × 108

	
6.07 × 108

	
8.89 × 108

	
7.25 × 108

	
8.89 × 108

	
8.49 × 108




	
7

	
Kinetic current

	
J

	
1.85 × 103

	
2.09 × 103

	
3.06 × 103

	
2.50 × 103

	
3.06 × 103

	
2.92 × 103




	
8

	
Geopotential current

	
J

	
4.07 × 105

	
4.59 × 105

	
6.72 × 105

	
5.48 × 105

	
6.72 × 105

	
6.42 × 105




	
9

	
Geothermal heat

	
J

	
9.73 × 107

	
1.10 × 108

	
1.61 × 108

	
1.31 × 108

	
1.61 × 108

	
1.53 × 108




	
10

	
Tides

	
J

	
4.69 × 106

	
5.29 × 106

	
7.75 × 106

	
6.32 × 106

	
7.75 × 106

	
7.40 × 106




	
11

	
Run off

	
J

	
8.21 × 108

	
9.26 × 108

	
1.36 × 109

	
1.11 × 109

	
1.36 × 109

	
1.30 × 109
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Table 5. Quantity of natural resources, expressed as emergy units, necessary to sustain primary production of the meadows analysed.
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Emergy




	

	

	
Unit of Measure

	
Camogli

	
Punta Pedale

	
Prelo-San Michele

	
Framura

	
Monterosso al Mare

	
Sant’ Amanza






	
1

	
Carbon

	
sej

	
2.07 × 1011

	
1.95 × 1011

	
1.76 × 1011

	
1.90 × 1011

	
1.69 × 1011

	
1.79 × 1011




	
2

	
Nitrogen

	
sej

	
2.57 × 1012

	
2.41 × 1012

	
2.18 × 1012

	
2.35 × 1012

	
2.10 × 1012

	
2.22 × 1012




	
3

	
Phosphorus

	
sej

	
1.42 × 1012

	
1.33 × 1012

	
1.20 × 1012

	
1.30 × 1012

	
1.16 × 1012

	
1.23 × 1012




	
4

	
Solar radiation

	
sej

	
1.97 × 1011

	
2.22 × 1011

	
3.26 × 1011

	
2.66 × 1011

	
3.11 × 1011

	
3.24 × 1011




	
5

	
Rain (chemical potential)

	
sej

	
6.06 × 1012

	
6.83 × 1012

	
1.00 × 1013

	
8.16 × 1012

	
9.55 × 1012

	
3.85 × 1012




	
6

	
Wind

	
sej

	
1.30 × 1012

	
1.46 × 1012

	
2.14 × 1012

	
1.75 × 1012

	
2.05 × 1012

	
4.62 × 1012




	
7

	
Kinetic current

	
sej

	
3.28 × 1010

	
3.70 × 1010

	
5.42 × 1010

	
4.42 × 1010

	
5.17 × 1010

	
2.47 × 1010




	
8

	
Geopotential current

	
sej

	
1.55 × 1010

	
1.74 × 1010

	
2.55 × 1010

	
2.08 × 1010

	
2.44 × 1010

	
1.82 × 1010




	
9

	
Geothermal heat

	
sej

	
5.38 × 1012

	
6.06 × 1012

	
8.88 × 1012

	
7.25 × 1012

	
8.49 × 1012

	
4.22 × 1012




	
10

	
Tides

	
sej

	
1.27 × 1011

	
1.43 × 1011

	
2.10 × 1011

	
1.71 × 1011

	
2.01 × 1011

	
6.33 × 1011




	
11

	
Run off

	
sej

	
5.43 × 1013

	
6.12 × 1013

	
8.97 × 1013

	
7.32 × 1013

	
8.57 × 1013

	
5.67 × 1013




	

	
Total

	
sej

	
6.84 × 1013

	
7.66 × 1013

	
1.11 × 1014

	
9.11 × 1013

	
1.06 × 1014

	
6.84 × 1013
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Table 6. Natural Capital stocked per time unit by the leaves and rhizomes components of P. oceanica and overall, expressed as sej m−2·a−1 and em€·m−2·a−1, in the investigated sites.
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Unit of Measure

	
Camogli

	
Punta Pedale

	
Prelo-San Michele

	
Framura

	
Monterosso al Mare

	
Sant’ Amanza






	
annual NC of leaves

	
sej·m−2·a−1

	
1.59 × 1013

	
1.17 × 1013

	
3.83 × 1012

	
6.25 × 1012

	
7.28 × 1012

	
6.14 × 1012




	
em€·m−2·a−1

	
1.66 × 101

	
1.21 × 101

	
3.99 × 100

	
6.51 × 100

	
7.58 × 100

	
6.40 × 100




	
annual NC of rhizomes

	
sej·m−2·a−1

	
1.73 × 1012

	
1.71 × 1012

	
1.67 × 1012

	
1.69 × 1012

	
1.67 × 1012

	
1.46 × 1012




	
em€·m−2·a−1

	
1.80 × 100

	
1.78 × 100

	
1.74 × 100

	
1.76 × 100

	
1.74 × 100

	
1.52 × 100




	
total annual NC

	
sej·m−2·a−1

	
1.76 × 1013

	
1.34 × 1013

	
5.50 × 1012

	
7.94 × 1012

	
8.95 × 1012

	
7.60 × 1012




	
em€·m−2·a−1

	
1.84 × 101

	
1.39 × 101

	
5.73 × 100

	
8.27 × 100

	
9.33 × 100

	
7.92 × 100
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