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Abstract

:

Transitional waters (TWs), such as coastal lagoons, are bodies of surface water at the transition between saline and freshwater domains. These environments play a vital role in guaranteeing ecosystem services, including provision of food, protection against meteorological events, as anthropogenic carbon sinks, and in filtering of pollutants. Due to the escalating overpopulation characterising coastlines worldwide, transitional systems are over-exploited, degraded, and reduced in their macroscopic features. However, information on the impact of anthropogenic pressures on planktonic organisms in these systems is still scanty and fragmented. Herein, we summarise the literature, with a special focus on coastal lagoons undergoing anthropogenic pressure. Specifically, we report on the implications of human impacts on the ecological state of plankton, i.e., a fundamental ecological component of aquatic ecosystems. Literature information indicates that human forces may alter ecosystem structures and functions in coastal lagoons, as in other TWs such as estuaries, hampering the phytoplankton–zooplankton link, i.e., the main trophic process occurring in those communities, and which sustains aquatic productivity. Changes in the dominance and lifestyle of key planktonic players, plus the invasion of ‘alien’ species, and consequent regime shifts, are among the most common outcomes of human disturbance.
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1. Introduction


Transitional waters (TWs) are bodies of surface water which are partly saline due to their proximity to coastal waters but which are substantially influenced by freshwater flows [1]. TWs offer exceptional services and are good providers of tangible, economic, and intangible values [2,3,4]. These systems are characterised by myriad habitats, from open waters to submerged aquatic vegetation, from tidal flats to fringing wetlands, which may act as nursery, feeding, and refuge grounds for several organisms, including terrestrial ones, with some also having high recreational and commercial value [5]. TWs are not only important to humans for fisheries and aquaculture, but are also used for electric power generation, biotechnology, transportation, and shipping, not to mention the recreational value of these ecosystems [2]. Moreover, TWs provide key chemo-physical functions in trapping, transforming, and filtering nutrients and wastes, thus strongly influencing the environmental status of surrounding areas [6].



One feature of TWs is almost unique among coastal systems, namely that terrestrial sources such as freshwater and land drainage can be more important than marine ones in providing them with nutrients [7]; this specific trait makes understanding the factors driving coastal ecosystem productivity extremely complex. Coastal lagoons are among the most productive TW ecosystems, since freshwater inputs stimulate fast biomass accumulation in photosynthetic organisms, thus fuelling the transfer of organic matter to animals, including megafauna [8]. Moreover, the ecological functioning of these systems is highly diverse even at the regional scale. The multifaceted geomorphological features that we can find at the land–sea interface determine different physical and chemical drivers, which lead, for example, to the asynchronous increase in primary production in geographical sites belonging to the same climatic region [9]. For instance, primary productivity at the local scale is further affected by the asymmetric impact of climate change and anthropogenic pressures, which act at different scales, from the ecosystem to species levels (and back) with high temporal and spatial irregularities [10,11].



TWs are highly diverse and can undergo different modifications in response to anthropogenic pressures and climate crises. For instance, precipitations are thought to be declining over the long term and this fact not only reduces land inflows, but also causes the progressive hyper-salinisation of TWs, the closure of periodically open systems and, consequently, dramatic ecological changes [12]. Weakly-flushed microtidal estuaries such as those in the Mediterranean are less ecologically robust than macrotidal estuaries of the Atlantic coast and this exacerbates the stress conditions induced in aquatic communities by pollution [13]. Model simulations predicted that Mediterranean semi-enclosed waterbodies would suffer from ecological crisis stemming from the combined effect of warmer waters, altered precipitation regimes, and unbalanced primary production cycles [14]. According to Pesce et al. (2018) [14], in the “Palude di Cona”, a water body in the Venice Lagoon, modelled riverine nutrient discharge shows a tendency to increase during winter and decrease during summer, due to, respectively, increased precipitation events and drought, along with an overall increase in temperature; this would provoke more frequent events of eutrophication—i.e., an increase in photo-autotrophic biomass due to nutrient enrichment—potentially altering the ecosystem state [15]. At the same time, these conditions could drive the rise to dominance of nitrogen-fixing cyanobacteria, in turn affecting trophic processes, by favouring microbial consumers over metazoans.



Although much of the research on ecological responses to environmental drivers in TWs has focused on Mediterranean and temperate systems [16], investigations of subtropical and tropical systems have also been carried out (e.g., [17,18]). Tarafdar et al., 2021 [17] observed that the dynamics of photo-autotrophic biomass in Chilika Lagoon, India, were mainly influenced by changes in parameters affected by anthropogenic activities such as salinity and temperature rather than by the seasons’ alternation. Similar responses were found in the subtropical Patos Lagoon in Brazil, where, from a long-term analysis, it was observed that freshwater discharge influenced by climate change was the main driver of primary productivity variability [18].



Given the ecological complexity of TWs, an understanding of the patterns of changes in the plankton community can only be achieved through a proper sampling program, which is able to capture changes in the different components of the community (bacterio-, phyto-, and zoo-plankton) at different spatial and temporal scales. On the other hand, even a proper sampling may be not enough to unveil the possible causative factors behind those changes. Climate forcing and anthropogenic pressures act on TW ecosystems in both directions, from land and from the sea, by modifying the quality and quantity of river discharge and by altering the physical-chemical conditions and coastal hydrodynamics. On top of all of this, climatic oscillations can affect both hydrology and hydrodynamics, modifying the portion of freshwater and marine waters in TWs, and thus their ecological state [19].



Building on the considerations above, in the present review, we provide a synthesis of the impact of anthropogenic threats on coastal lagoons and their effect on plankton therein, i.e., on those primary producers (i.e., phytoplankton) and consumers (i.e., protozoan and metazoan plankton) that play a pivotal role as main drivers of biogeochemical cycles in aquatic trophic webs, and which typically respond very quickly to perturbations due to physical (e.g., hydrodynamic, thermal, and chemical) stressors [20] (Figure 1). We discuss the potential of anthropogenic stressors to perturb the state of the phytoplankton–zooplankton link, which is fundamental in guarantying aquatic productivity.




2. Coastal Lagoons as Key Study Case for TWs


Lagoons are relatively small bodies of water that are semi-isolated from the sea due to the development of natural or human-made barriers. From a pure geoscience perspective, coastal lagoons may be considered as essentially ephemeral features within a continuum of coastal environments [21]. They are geologically young systems, mostly formed over the last 5000–7000 years, and are often short-lived in geological timescales because the same rivers that produce lagoons drive sedimentation therein [22].



Coastal lagoons cover only about 13% of the world’s coastlines [23]; nonetheless, they represent hotspots of biodiversity, productivity, and environmental changes, which may range from moderately to highly dynamic. Lagoons are generally characterised by very shallow waters (only a few meters deep), which often prevent water column stratification, and are distributed worldwide, showing a vast range of physical and biotic types. For example, the south-eastern coast of the United States can be viewed as a series of lagoons and estuaries, extending for ca. 4500 km along the coast, while the largest lagoon in the United Kingdom (the Fleet Lagoon in Dorset, England), has an extension of only 14 km.



The natural history of lagoons is intimately connected to the formation of the barriers enclosing them, which are, broadly speaking, of two types: enclosure of lagoons by offshore and longshore barriers, or bars [24]. Offshore bars are produced by wave action on shallow waters, causing a deposition of sands (e.g., the Laguna Madre, in Texas). Alternatively, barrier formation can extend out from the land, as for Vistula lagoon in Poland [24]. Although most of the lagoons worldwide are thought to originate from one of the mechanisms outlined above, other mechanism may have been locally important (see, e.g., [24]).



Therefore, considering the interplay between sea and land waters, costal lagoons may display a wide range of salinity regimes: from hyposaline (e.g., the Vistula lagoon), to hypersaline (e.g., the Laguna Madre), or, rarely, show salinity gradients even in a very small area (e.g., the Swanpool, Cornwall, UK) [24]. Along with salinity, the nutrient gradient may be considered the main characteristic that defines a lagoon. Both salinity and nutrients depend mostly on the proportion of freshwater to sea water [25,26].



As for the fauna, coastal lagoons are dominated by a few species of permanent residents, and the population abundance of individual species varies considerably from year to year, becoming very copious under favourable conditions [27]. Motile species migrate into lagoons to feed, reproduce, and use the protected waters as a nursery and refuge. Lagoons also represent nursery and reproduction areas for many marine species, thus performing a pivotal role in biodiversity maintenance and also in the productivity of marine and fluvial adjacent systems.



Finally, lagoons are natural filters through which continental organic matter and nutrients pass and are metabolised [28], thus providing a vast range of ecosystem services and resources with major roles in local economies and communities, such as in food provisioning (mainly fish and shellfish), freshwater storage, hydrological balance, climate regulation, flood protection, water purification, oxygen production, fertility, recreation, and ecotourism [29]. Historically, this fact promoted human settlement and urbanisation in nearby areas, which, along with the generally high residence time of lagoon waters, is one of the main causes of the high levels of environmental degradation therein.



Impact of Hydrodynamic Changes on Lagoon Plankton


Hydrodynamic changes are among the main driver of environmental stress in lagoon ecosystems [30,31,32,33,34,35,36,37,38,39,40,41,42]. These changes can be directly connected with anthropogenic drivers when human activities transform lagoons’ geomorphology with infrastructure. Land-use and building construction, inappropriate defence structures, or artificial lagoon openings may all cause beach erosion, such as in the lagoon-estuarine system of Isla del Carmen (Mexico) [30]. A large scale inland irrigation project caused an increase in freshwater inflow into the Kalametiya Lagoon, Sri Lanka; as a consequence, this lagoon has almost disappeared [31].



Hydrodynamic changes in coastal lagoon systems are also related to sea-level rise (SLR) driven by global warming, despite difficulties in converting future global SLR projections to strictly local events [32]. Morphological differences in coasts make it difficult to understand the response of TWs to SLR, and to set mitigation strategies. SLR has been studied in various TWs worldwide [33,34,35,36,37,38], but the difficulty of predicting the local influence of the relative SLR (RSLR) still persists, mainly due to the non-linearity of the coastal sedimentary processes [32], and to the different spatial scales of the coastal morphologies, ranging from bed forms (~cm to m), to full basins (~1–100 km) [39,40]. In the Venice Lagoon (Italy), anthropogenic structures built to protect the historical city from SLR, and ship traffic (propeller-wash erosion, keel ploughing), are rapidly altering the lagoon seafloor [41]. A complex array of large mobile barriers (the MoSE system) affected the hydrodynamics of the lagoon mainly by causing more intense current speeds and altering the micro-circulation [42]. It is worth noting that mechanisms of resistance and resilience to human-driven stressors are known to exist but have not been well studied [43]. Moreover, most of the studies above, regardless of the different regional and local conditions, identify a ‘defence’ system against RSLR, in which landward barriers retreat through continuous migration [32].



Hydrodynamic modifications can alter the abiotic environment in lagoons, i.e., by modifying water temperature and salinity, the absolute amount of inorganic nutrients present in the water, and ultimately planktonic assemblages and the overall ecosystem state, even though disentangling natural from anthropogenic drivers of ecological changes in lagoons is particularly challenging [44]. Among natural drivers, we highlight that even pristine coastal lagoons can differ in terms of water level, salinity, temperature, and the extent of nutrient loads. All these characteristics influence the residing ecological community dramatically. A comparative study on three North African coastal lagoons showed that salinity differences between lagoons is a main driving factor of the dominance of plankton species [45]. The seawater dominated lagoons Merja Zerga and Ghar El Melh showed a quasi-permanent predominance of marine diatoms and dinoflagellates, while in the freshwater Lake Manzala, Chlorophyceae contributed 39% of the total species. Similarly, zooplankton communities in both Ghar El Melh and Merja Zerga were dominated by marine copepods, while Lake Manzala was dominated by rotifers. A study conducted on the zooplankton of the Mossoró River Estuary (north-eastern coast of Brazil) along a horizontal salinity gradient and during both the dry and the rainy seasons, suggested the idea that the dominant species in such environment are plastic species that are able to cope with harsh spatial and seasonal variations [46]. The Coorong is a shallow saline coastal lagoon in Australia; herein, during high freshwater flow, phytoplankton–zooplankton interactions dominate the food web, while at low flow, bacteria, viruses, and nano/picoplankton interactions are more dominant [47]. However, it is of note that a study conducted in the Vistula Lagoon correlated changes in zooplankton abundance and biodiversity not with variation in a parameter such as salinity, but with more complex multi-parameter variations linked to the dry and rainy seasons [48].



In addition, the plankton composition in lagoon ecosystems changes greatly throughout the year, as a consequence of various physical factors such as water regime changes. For example, in the largest lagoon in Asia (Chilika, India), Bacillariophyta (138 species) are the most diverse and abundant phytoplankton group, but they are replaced by euglenoids under stronger freshwater discharge [17]. In the Mar Menor lagoon, the annual succession of phytoplankton is marked: the winter season displays a dominance of small phytoplankters, followed by a diatoms-dominated community during spring and summer seasons, with some monospecific diatom blooms, and a post-summer period dominated by dinoflagellates [49]. In the Mar Menor, copepods remain relatively constant through the year, but with a lower density from July to September: the autotrophs to heterotrophs biovolume ratio is constantly lower than 1, with the exception of phytoplankton bloom periods [49]. Thanks to the background knowledge on the seasonal variation of plankton composition in Mar Menor, long-term ecological changes have been related to anthropogenic variations in nutrient inputs from land [50]. Changes in zooplankton appeared less dramatic therein; however, an increase in the abundance of gelatinous zooplankton (such as the Appendicularia Oikopleura dioica and jellyfish species, in the years 1988 and 1997) was recorded [50].



Furthermore, to evaluate anthropogenic impacts on coastal lagoons it is necessary to take into consideration water level changes, which can alter the benthic-pelagic coupling, considering the shallowness of those systems. Indeed, the primary production of both benthos and plankton in lagoons is high, resulting in quantitatively important pelagic and benthic food chains, which support rich fisheries and aquaculture operations [51], from fish to seaweeds and to bivalve molluscs. A comparative study on three different coastal lagoons in Italy [52] demonstrated that consumer dependence on benthic and pelagic organic matter showed high variability. Another study on a shallow coastal lagoon (mean depth of the sampling sites = 0.7 m) on the Rhode Island (USA) coastal area demonstrated [53] that the benthos may consume up to 50% of the primary production. Interestingly, this percentage is not statistically too far from those seen in the somehow similar but deeper (ca. 10 m depth) Narragansett Bay [53]; however, in these waters, the phytoplankton in the water column are the main primary producers; conversely, in the case of shallow coastal lagoons, plankton, macroflora, and benthic epiflora are altogether the main actors.



The tight proximity of benthic and pelagic dominions in coastal lagoons exacerbates the effects of environmental changes on lagoon ecosystems, which can undergo marked ‘regime shifts’ [54]. Of note, changes in marine benthic macrophytic species have been used as a classification scheme to evaluate ecological status in Greek coastal lagoons [55]. Many factors may contribute to regime shift in lagoons. Nitrogen is often considered as the main limiting factor that controls the benthic vegetation, especially in temperate systems [56]. Eutrophication can favour the rapid growth and/or colonisation ability of seaweeds to exclude angiosperms, with the coexistence of the two at the transition from pristine to altered conditions [57]. Empirical and experimental data collected on the California lagoons system demonstrated that increased nitrogen loading caused a shift in producers from lowly abundant phytoplankton and microphytobenthos to blooms of opportunistic green macroalgae [58]. However, knowledge is also increasing regarding the contribution of planktonic organisms to regime shifts in lagoons, which must be evaluated whilst also taking into consideration the intrinsic variability of planktonic communities within those closed systems.



Coastal lagoons are frequently investigated using the principles of system ecology, in which biotic and abiotic observations are integrated in a common conceptual framework with the aim of establishing links between drivers of changes and their effects. Physical modification of the nearby wetlands, along with pollution, is causing degradation of the Sakumo Lagoon, Ghana [59]. Land-use changes have caused eutrophication and enhanced anoxic conditions in the Etoliko lagoon (Greece) [60]. In the Mar Menor lagoon in the Mediterranean Sea, the enlargement of the main canal connecting the system to open waters in 1972 resulted in decreased salinity, increased water renewal rate, and decreased extreme temperatures, enabling the lagoon’s colonisation by typically Mediterranean organisms [50], such as the jellyfishes Cotylorhiza tuberculata and Rhizostoma pulmo, which became pest species therein [61], and an influx of Caulerpa prolifera (a seaweed), which is now the dominant benthic species [50]. However, increased discharges from agriculture have more recently driven the Mar Menor towards an eutrophic state [62]. Interestingly, C. prolifera dominance in Mar Menor has likely delayed the eutrophication of the lagoon for some time, by preventing high phytoplankton densities [63].





3. Rewiring of Planktonic Trophic Networks in Impacted TWs


The overwhelming biological complexity of plankton communities gives rise to multiple and overlapping trophic links, which involve primary producers of different sizes and consumers that can be both unicellular and metazoan. The resulting trophic interaction networks are highly tangled and potentially regulated by indirect effects that can propagate from species to community levels [64,65] (Figure 2).



Recent research carried out in a coastal system (the Gulf of Naples) at the boundary between freshwater and offshore domains revealed that the organisation of plankton trophic networks can change quickly (i.e., at weekly time scales) in response to changes in the trophic state of the system [64,65]: for instance, eutrophic conditions—i.e., ‘green waters’ with lower salinity, higher nutrient inputs, and subsequent increases in phytoplankton blooms—favoured typical herbivorous pathways, with a straighter link between micro-phytoplankton and meso-zooplankton and a lower contribution of proto-zooplankton (i.e., heterotrophic protists) to the diet of planktonic metazoans; conversely, oligotrophic conditions—i.e., ‘blue waters’ with higher salinity, and with lower nutrient concentrations, phytoplankton biomass, and average phytoplankton size—favoured microbial grazing and were characterised by an increased contribution of heterotrophic protists to the mesozooplankton diet. Such trophic shifts are thought to stabilise planktonic networks against the short-term trophic shifts occurring along the coast due to intermittent runoff [64,65]. Indeed, it was estimated that seven-fold differences in phytoplankton biomass between blue-water and green-water states determined only two-fold differences in the flow of organic matter to mesozooplankton; i.e., thanks to microbial grazing, the trophic web was highly efficient even under condition of lower phytoplankton biomass.



Similar trophic dynamics are likely to occur in coastal lagoons too, based on information available from those systems, where both natural and anthropogenic freshwater inputs impact the plankton community, with implications for trophic networks. Groundwater discharge was found to stimulate primary production through nutrient inputs in Avoca Lagoon, Australia [66]. Rainfall and nutrients run-off significantly increased phytoplankton biomass (up to 10 fold) and altered their composition, promoting herbivory and consequently increasing zooplankton abundance [67,68]. However, in the Jansen tropical lagoon (Brazil), the rainfall diluted nutrients and induced phosphorous limitation, changing the dominant primary producers from Cyclotella stelligera to Closterium setaceum [69], with impacts on trophic interactions due to the different forms (round vs. elongated, respectively) and sizes (<50 µm vs. 200–250 µm, respectively) of these diatoms. In addition, freshwater flow regulation appears capable, alone, of determining changes in trophic interactions within plankton, as shown in the course of a tentative plan to restore the degraded lagoons of Coorong (Australia): under a regime of high-flow from land—namely, under a ‘green’ trophic state—phytoplankton–zooplankton interactions where favoured; on the other hand, at low flows—under a ‘blue’ state—interactions between pico- and nano-plankton were promoted, the autotrophy/heterotrophy ratio decreased, and the decomposition of dead matter was enhanced [47] (Figure 3). On the one hand, increases in terrestrial inputs can influence the trophic state of transitional systems, e.g., by enhancing their productivity; on the other hand, the plasticity of response that is intrinsic to trophic interactions can help buffer external perturbations, thereby stabilising plankton networks.



The strong link between physical-chemical drivers and plankton trophic networks as shown in the previous paragraphs suggests that coastal lagoons often alternate eutrophic and oligotrophic states depending on the relative dominance of freshwater inputs and seawater in-flows. In this regard, coastal lagoons differ from other TWs, such as estuaries [70]: healthy lagoons more often support blooms of picoplankton (<2 μm) that may be eventually sustained for months to years, whereas riverine estuaries support massive, seasonal spring diatom blooms reaching higher biomass. Indeed, picoplankton blooms in coastal lagoons are often sustained by regenerated forms of nitrogen (ammonium, urea, or dissolved organic substrates), thanks to the higher surface:volume ratios and long residence times of these systems [70,71,72,73]. Long-term studies on the lagoon systems of the Florida Bay and the Maryland–Virginia Chincoteague Bay [70] indicate that the onset of ‘water greening’ in both systems depends on increased nutrient availability, and that nutrient enrichment in turn often depends on human factors; however, compared to river-dominated estuaries, lagoon productivity is more supported by regenerated nutrients that may be lower in concentration, but which are made available through higher rates of matter degradation and microbial processes.



In such a context, it is plausible that the transition from a healthy to a degraded state in lagoons co-occurs with the transition from a ‘blue-green’ state—i.e., increases in nutrient inputs, phytoplankton biomass, and phytoplankton average size (see previous paragraphs)—to a persistent brown state, characterised by high levels of freshwater and terrestrial organic carbon from land [74]. Similarly to estuaries, although a lesser increase in the inflow of terrestrial matter can drive a higher primary productivity sustained by micro-phytoplankton, above a certain threshold of discharge, water browning promotes pico-phytoplankton, which are more adapted to lower light regimes, and a shift from a mesozooplankton- to a protozooplankton-dominated community [75] (Figure 3). Detritus consumption by planktonic microbes has been shown to compensate for limited phytoplankton production in the highly turbid Guadalquivir estuary [76]. As for degraded bays, a nutrient increase can drive a shift from a classical copepods-dominated trophic web to a microbial-loop web, due to an increase in bacterial production stimulated by the higher availability of phytoplankton-derived dead matter; the higher activity of heterotrophic microbes, in turn, brings about a decreased concentration of oxygen and more intense and frequent episodes of hypoxia, further hampering metazoan plankton [77].



Freshwater flow not only raises the levels of nutrients (silicate, phosphates, nitrogen), but may also lower the salinity of lagoon waters [78], gravely affect water quality [79], and jeopardise their capability to recycle matter, a systemic property that makes aquatic trophic networks robust in lagoons [80]. In the latter respect, Meddeb et al. (2018) [80] employed a ‘recycling index’ to assess the degree of perturbation of a plankton trophic web in the degraded Bizerte coastal lagoon (Tunisia, Mediterranean Sea), that is, a site that underwent a strong increase in land-based anthropogenic pressures and a multiplication of aquaculture activities. By means of ecological network analysis fed by data from modelling approaches, these authors observed that the recycling capability of plankton halved in a decade, between 2000 and 2010.



Our synthesis suggests that anthropogenic pressures can impact not only single interactions but the whole trophic network architecture of the plankton community. All the changes mentioned above may project the effects of anthropogenic pressures from the species to the trophic web level, inducing a shift from a balanced intermittence between blue and green trophic webs (i.e., an herbivorous pathway sustained by a microbial loop, and higher transfer of organic matter towards higher trophic levels), to a brown trophic web (i.e., one dominated by the microbial loop and detritus links, and with a lower transfer of matter to higher trophic levels) (Figure 3). Such trophic dynamics should be investigated in future studies focusing on coastal lagoons undergoing brownification.




4. Research Perspectives


TWs are among the most studied ecosystems due to their socio-economic benefits, and indeed the study of these systems intersects many thematic areas pertaining to socio-ecology. Despite the body of scientific works on coastal lagoons, some aspects of their ecology and their potential responses to climate change and anthropogenic stress are still unclear. Indeed, research on TWs is particularly difficult for at least three reasons. First, in these coastal marine environments, the land influence is of primary importance. Land influence is not only restricted to the freshwater input but also includes atmospheric inputs and salt and heat balances that are different from the open sea. Second, it is difficult to make a clear distinction between pristine conditions and conditions influenced by human activities in TWs, given that the first are very rare. Third, TWs, in particular coastal lagoons, may be considered eco-complexes containing more than one ecosystem (wetlands, marshes, sea grass fields, intertidal flats, and pelagic systems).



It is therefore not easy to outline the future directions of research on TWs; herein, we will discuss only a few issues that may receive intensified attention in the future, specifically those concerning coastal lagoons. One of these issues concerns our understanding of plankton dynamics in impacted lagoons, because these organisms respond quickly to chemical perturbations and undergo strong changes in consequence of hydrodynamic modifications—e.g., they live in the water column, which is primarily expanded or contracted by sea level rise.



Considering the huge diversity of plankton communities, plankton dynamics during perturbation may be effectively assessed by employing meta-omics technologies (meta-barcoding, -genomics, -transcriptomics, -proteomics, and/or -metabolomics). These techniques represent exceptional tools to aid and improve our knowledge of changes in biological and functional diversity, and this information can be translated into knowledge of the state of the plankton trophic network [81,82]. To date, -omics have been used only rarely in the study of coastal lagoons, at least in a holistic approach—the same approach used, e.g., in oceanic waters [83]. While a comparative metagenomic study of two Spanish lagoons (Mar Menor and Albufera de Valencia) was carried out in 2012 [84], most of the research efforts based on -omics tools are even more restricted, focusing on single sites, species, or processes [85,86,87]. Therefore, it is possible to affirm that the power of omics tools in the study of TWs is still a long way from reaching its enormous potential.



In addition, if on the one hand we have a starting idea of the effect of wastewater discharge on lagoon ecosystems, we are still lacking clear models of how major threats such as SLR will impact them. This gap in knowledge cannot be entirely solved by TW studies alone, since it involves a much larger body of research. First, we need conceptual and statistical models of future (and past) coastal changes that are able to incorporate the role of human activity on coasts. This is of primary importance in the study of TWs, which are not only among the most anthropogenically impacted ecosystems on earth, but are also among the systems with the longest histories of human influence (see, e.g., the Venice Lagoon). Second, most of the studies so far have targeted linear, long shorelines. Future efforts should theoretically incorporate a wider range of spatial and morphological lagoon types, possibly within a single framework.



Furthermore, given the relative sensitivity of coastal lagoon ecosystems and their planktonic communities to human and natural stressors, it is of pivotal importance to perform long-term research studies on a high number of sites globally, or, at least, to compare data taken distantly in time in the best-studied sites. For example, a comparison of data collected from the Venice Lagoon during two time periods (1975–1980 and 1997–2002) revealed higher phytoplankton abundance in the most recent survey, likely linked to the higher concentration of orthosilicates and dissolved inorganic nitrogen in the sea water, and to increased resuspension processes induced by dredging for molluscs, which favoured the mobilisation of benthic diatoms from sediments, resulting in more pelagic conditions [88]. On the other hand, the standing stock of zooplankton, for reasons that remain unclear, diminished during the same time periods.



In addition to hydrodynamic changes, TW ecosystems can also be impacted by warming, which, acting directly on species metabolism, drives changes in trophic interaction networks. However, the effect of warming on coastal lagoon plankton has been rarely studied and results are divisive. Warming experiments on Mediterranean lagoon plankton showed that temperature rising can increase ciliate and phytoplankton abundance, decrease heterotrophic nanoflagellates, and induce changes in trophic interactions [89,90]. Thermal stress treatments on sediments from a coral reef lagoon area at Sesoko reef in Sesoko Island, Okinawa, Japan induced a shift from heterotrophy to autotrophy [91]. However, experiments conducted on sediments from the Munkeby Bay (Sweden), indicated that an initial, relatively brief shift to net heterotrophy occurring during warming was followed by a more prolonged autotrophic period [92].



The high human pressure on TWs is a threat that has become increasingly recognised, both within public opinion and among policy makers (see, for example, the US Clean Water Act, the European Water Framework Directive, and the National Water Act in South Africa), and positive actions to restore TW ecosystems have been initiated. Nonetheless, there remains a need for improved predictive approaches to evaluate the putative impact of human actions, from new infrastructures to restoration plans for TW systems.
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Figure 1. Scheme of planktonic organisms. Drawings based on the open-source IAN symbol library (https://ian.umces.edu/media-library/symbols/, accessed on 1 November 2021). 
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Figure 2. Plankton trophic network. Based on D’Alelio et al. 2016 [64]. Arrows go from prey to predators. Plankton drawings based on IAN libraries (https://ian.umces.edu/media-library/symbols/, accessed on 1 November 2021). 






Figure 2. Plankton trophic network. Based on D’Alelio et al. 2016 [64]. Arrows go from prey to predators. Plankton drawings based on IAN libraries (https://ian.umces.edu/media-library/symbols/, accessed on 1 November 2021).



[image: Water 14 00974 g002]







[image: Water 14 00974 g003 550] 





Figure 3. Scheme of changes in matter fluxes within plankton as driven by changes in water quality (from blue to green to brown, i.e., at increasing levels of freshwater inputs). PP = picoplankton; MP = microplankton; PZ = protozooplankton; ZOO = mesozooplankton. Drawings based on the open-source IAN symbol library (https://ian.umces.edu/media-library/symbols/, accessed on 1 November 2021). Arrows indicate trophic links and go from prey to predators; arrow width is proportional to the amount of matter being transferred between prey and predator. Blue and green links are based on D’Alelio et al., 2016 [64]. The brown links are hypothetical. 
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