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Abstract

:

According to European Union guidelines, the assessment of the ecological status of Transitional Water Systems (TWSs) should be based on the monitoring of biological communities rather than physico-chemical parameters and pollutants. Macrophytes, including aquatic angiosperms and macroalgae, are organisms that respond more quickly to environmental changes by varying the structure and biomass of their assemblages. There are several ecological indices based on macrophytes, among them the Macrophyte Quality Index (MaQI), which has been intercalibrated with water and sediment parameters, nutrient concentrations, and pollutants and is used to determine the ecological status of Italian TWSs. In the Venice Lagoon, it was applied to 87 stations, showing a significant score increase over the last ten years of monitoring (2011–2021) due to progressive lagoon environmental recovery. The dominant taxa assemblages, previously dominated by Ulvaceae, were replaced by species of higher ecological value, with an increase in the number and distribution of sensitive species, as well as the spread and cover of aquatic angiosperms. The rise in the Ecological Quality Ratio (EQR) determined by the MaQI confirms the key role of macrophyte monitoring in detecting environmental changes in TWSs. In fact, a simple check of the presence or absence of aquatic angiosperms and sensitive species is sufficient for an initial rapid assessment of the ecological status of these environments.
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1. Introduction


Since the 1990s, the European Community, in the following years recognized as the European Union, adopted the Habitats Directive (Council Directive 92/43/EEC [1]) with the aim of promoting the conservation of natural habitats and wild fauna and flora and the maintenance of biodiversity.



On 23 October 2000, the European Parliament and the Council of the European Union adopted the European Water Framework Directive (WFD, 2000/60/EC [2]), establishing a framework for community action in the field of water policy. This directive aims to preserve and improve the aquatic environment in the community with a view to establishing a framework for the protection of inland surface waters, transitional waters, coastal waters, and groundwater.



These objectives should be achieved by assessing the ecological status of water systems and monitoring the biological quality elements (BQEs: aquatic angiosperms, macroalgae, phytoplankton, fish, and benthic macrofauna) using physico-chemical parameters to support biological elements. Indeed, organisms provide more reliable answers on nutrient and pollutant impact than their concentrations [3,4]. Therefore, different ecological indices to assess the ecological status of coastal waters and transitional water systems (TWSs) based on these biological elements were set up and intercalibrated by the European Union [5].



For Mediterranean TWSs, aquatic angiosperms and macroalgae were the first intercalibrated biological elements and some Member States (Greece, France, Italy, Spain) of the Mediterranean Geographical Intercalibration Group (Med-GIG) considered these two groups as a single component called “Macrophytes”. France, Greece, and Italy proposed their own national indices: (1) the French “EXamination tool for Coastal LAgoon Macrophyte Ecological status” (EXCLAME: [6]), the Greek “Ecological Evaluation Index” (EEI: [7] and references therein), and the Italian “Macrophyte Quality Index” (MaQI: [8] and references therein).



All these indices classify species into two or more sensitivity groups and take into account macrophyte cover, but each differs from the others in terms of the number of sensitivity groups and the combination rule chosen to obtain the global Ecological Quality Ratio (EQR). EEI and EXCLAME were developed as continuous indices, which function only in the presence of a certain amount of macrophytes, whereas MaQI is a categorical index, applicable even in the presence of negligible biomass or single taxa.



In Italy, the Regional Agencies for Environmental Protection and Prevention (ARPAs) have applied MaQI to monitor the national TWSs since the late 2000s. Specifically, in the Venice Lagoon, MaQI was applied at 118 stations distributed across the entire lagoon in 2011, and at 88 stations in 2014, 2018, and 2021 [9,10,11,12]. The results of another monitoring campaign conducted at the same 88 stations in 2023 are currently under evaluation.



The aim of this paper is to demonstrate the rapid response of macrophytes to environmental changes. They are likely the best bioindicators for assessing the ecological status of TWSs. Indeed, aquatic angiosperms, particularly some sensitive macroalgae, represent the biological element that, compared to fish fauna and benthic macrofauna ([13] and references therein), respond more quickly to environmental changes, influencing the composition of macrophyte assemblages. For this reason, the changes in the vegetation of the soft substrata of the Venice Lagoon and the ecological status recorded through the application of the MaQI over a ten-year period (2011–2021) are reported and discussed, highlighting the high sensitivity of certain calcareous taxa and aquatic angiosperms.




2. Materials and Methods


2.1. The Study Area


The Venice Lagoon (Figure 1) is a large (approx. 549 km2) and shallow (mean depth ca. 1.2 m) polyhedric basin which is characterized by very different ecological conditions representative of most Italian TWSs [14]. It is subdivided into three sub-basins (southern, central, northern), which are connected to the sea through three large (600–900 m) and deep (10–15, up to 50 m) mouths (Chioggia, Malamocco, Lido), allowing for a water exchange of approx. 60% during each tidal cycle (12 h).



Based on the mean salinity and water renewal, the lagoon open to water exchange was subdivided into 11 unmodified water bodies (WBs), i.e., one ER = Euryhaline Restricted; four ENR = Euryhaline Non-Restricted; four PR = Polyhaline Restricted; and two PNR = Polyhaline Non-Restricted). In addition, 2 modified WBs were selected, taking into account some closed fishing valleys (i.e., Zappa Valley (ZV), Pierimpiè Valley (PV) in the southern lagoon, and Dogà Valley (DV), Cavallino Valley (CV) in the northern lagoon; Figure 1). In 2014, 2018, and 2021 the monitoring of Pierimpiè Valley was discontinued, leaving Zappa Valley as the only WB in the southern lagoon. Within each WB, a number of stations (ranging from 3 to 21) proportional to its water surface area was selected. In 2011, the number of stations was 118. In 2014, 2018, and 2021, due to the homogeneity of the physico-chemical conditions recorded in some areas, this number was reduced to 87. However, a new station was added in WB ENR2, bringing the total to 88 stations. In this paper, the results obtained from the 87 stations common to the four annual surveys (2011, 2014, 2018, and 2021) were compared with a focus on changes in macrophyte taxa and aquatic angiosperm cover.




2.2. Macrophyte Sampling


The cover of aquatic angiosperms, including seagrasses and Ruppia cirrhosa (Petagna) Grande, a species also found in freshwater environments [15], was sampled twice a year, as required by the application of the MaQI. The nomenclature of macroalgae was updated following [16] and the most recent specific literature, whereas sensitive taxa were selected according to the list provided by the Italian Institute for Environmental Protection and Research [17], also including some taxa recorded more recently (provided in the Supplementary Material: Table S1).



Macrophyte cover in shallow clear waters was estimated using the Visual Census Technique [18], while in turbid waters the presence/absence of macrophytes was estimated by touching the bottom 20 times with a rake, achieving a 5% resolution [8]. The dominance of Chlorophyta or Rhodophyta was determined by sorting 3–6 subsamples of macroalgae and weighing the different drained taxa, whose abundances were calculated based on total cover (abundance = algal weight × cover). Samples were stored in a 4% formaldehyde solution and morphologically identified using a stereoscope and/or optical microscope. The DNA barcoding method was employed to distinguish taxonomically problematic taxa [19]. The ecological status of each station was obtained by applying the Macrophyte Quality Index (MaQI [8]) in accordance with the Water Framework Directive (WFD 2000/60/EC).




2.3. Macrophyte Quality Index (MaQI)


The MaQI is a categorical index calibrated with a high number of physico-chemical parameters, nutrients, pollutants, and macrophyte variables ([8] and references therein) and designed to work even in the presence of a minimal number of species and/or macroalgal biomass. It does not require any mathematical formula but instead relies on the measurement of the abundance of green and red algae, the number of macroalgal taxa, distinguishing sensitive from opportunistic/indifferent taxa, and the cover of individual aquatic angiosperms, as shown in Figure 2.



The Ecological Quality Ratio (EQR), which ranges from 0 to 1, is divided into five quality classes, each with two equivalent scores: (i.e., Bad in red = scores 0 and 0.15; Poor in ochre = scores 0.25 and 0.35; Moderate in yellow = scores 0.45 and 0.55; Good in green = scores 0.65 and 0.75; and High in blue = scores 0.85 and 1.00). When the values from multiple stations are averaged, the index becomes continuous, and the resulting value determines the classification of the water body (EQR: 0–0.2 = Bad; 0.2–0.4 = Poor; 0.4–0.6 = Moderate; 0.6–0.8 = Good; 0.8–1.0 = High). To apply the index, two samplings are required, one in spring and one in autumn, to account for both winter and summer species. The number of macroalgal taxa collected during the spring and autumn surveys is combined in a single list, and the ratio between total taxa and sensitive taxa is calculated. Furthermore, the maximum cover of both aquatic angiosperms and macroalgae is considered, as these may exhibit maximum growth in different stations.



The final ecological status assessment of each station is based on the integration of the abundance and/or number of macroalgal taxa with the cover of aquatic angiosperms, while the ecological assessment of each water body corresponds to the average value of the EQRs determined for each station.



The index works also in the presence of a very limited number of macroalgal species, also taking into account the small epiphytes on the shells of bivalves, gastropods, stones, poles, and other solid substrata. In the absence of aquatic angiosperms and sensitive taxa, the EQR is easy to obtain by the Chlorophyta and Rhodophyta cover and relative biomass abundances [8]. When, during two samplings, one in spring and the other in autumn to collect both cold- and warm-loving species, the cover is lower than 5%, it is assumed that there are no ecological conditions for any species to produce significant biomass. In this case, the environmental assessment is classified as Bad. Instead, if some species produce high biomass, with the presence of at most one/two sensitive species, the environment is classified as Poor, with a higher score (EQR = 0.35) when the abundance of Rhodophyceae exceeds that of Chlorophyceae (EQR = 0.25). When the number of sensitive taxa is ≥3, the assessment is based on the ratio between them and all the other taxa. The ratios used to distinguish Moderate from Good and High conditions were obtained by analyzing the vegetation and the taxa recorded in most Italian lagoons: Venice, Lesina, Orbetello ([8] and references therein), as well as Marano-Grado, Po Delta, Comacchio Valleys, Pialassa della Baiona, and Mar Piccolo of Taranto.



As regards aquatic angiosperms (i.e., Cymodocea nodosa (Ucria) Ascherson, Zostera marina Linnaeus, Nanozostera noltei (Hornemann) Tomlinson and Posluszny, Ruppia cirrhosa (Petagna) Grande), the cover range considered to be included in a specific ecological class was selected based on the ecological quality of the different species: P. oceanica > C. nodosa > Z. marina > N. noltei = R. cirrhosa = R. maritima (Figure 2). However, above a certain cover threshold, all species are considered indicators of High ecological conditions.



Due to their relationship with ecological parameters and pollutants ([8] and references therein), it was assumed that aquatic angiosperms can only be present starting from Moderate ecological conditions. The presence of C. nodosa indicates Good or High ecological conditions, while P. oceanica is found exclusively in areas with a High environmental status. However, the latter species is only present in the Marsala Lagoon in Sicily, while in the other Italian TWSs, the best conditions are represented by extensive C. nodosa prairies. More detailed information on the application of the index can be found in [8] and references therein.




2.4. Environmental Parameters


The mean values of some parameters of the water column (Reactive Phosphorus = RP; Dissolved Inorganic Nitrogen (DIN: sum of ammonium, nitrite, and nitrate); Total Chlorophyll-a = Chl-a, and Total Suspended Solids = TSSs) that could influence the vegetation are also reported.



At each station, six water column samples were collected with a homemade cylindrical sampler (diameter: 4 cm, length: 1.50 cm), which was repeatedly plunged into the water to collect samples of the entire water column, which were transferred to a tank. Mixed sub-samples of 0.1–1.0 L were filtered through GF/F Whatman glass fiber filters (pore size: 0.7 µm). Water samples and filters were stored frozen at −18 °C for the determination of the nutrient (RP and DIN) concentration, according to [20], and total Chlorophyll-a (Chl-a as the sum of the active and degraded pigment: phaeophytin-a), following [21]. Total Suspended Solids (TSSs) were determined by filtering additional 0.1–1.0 L aliquots of water through Whatman GF/F glass fiber filters previously oven-dried for 1 h at 110 °C.




2.5. Statistical Analysis Methods


The changes in EQRs, macrophyte variables, and environmental parameters recorded over the four years (2011, 2014, 2018, 2021) were tested by the analysis of variance to evaluate the strength of each data set comparison. Prior to the analyses, the distribution of each variable was checked for normality using the Shapiro–Wilk test (p < 0.05). For normally distributed data, one-way ANOVA (p and F values) was employed, while for non-normal data, the Kruskal–Wallis test (p and H values) was used. Differences were considered significant when p < 0.05. All statistical analyses were performed using R software (version 4.4.1) and the “rstatix” package.





3. Results


The changes in the ecological status determined throughout the Venice Lagoon between 2011 and 2021 are highlighted by the EQR values recorded in 2011, 2014, 2018, and 2021 (Table 1 and Figure 3).



They concern 11 unmodified WBs and 2 highly modified WBs separated from the lagoon and open to tidal exchange by stone embankments. The mean EQRs of the unmodified WBs increased insignificantly (Kruskal–Wallis: p = 0.077, H = 0.089) from 0.401 in 2011 to 0.585 in 2021; both values correspond to Moderate conditions. If we consider the mean values of the 87 stations separately, the EQR has grown significantly (Kruskal–Wallis: p < 0.001, H = 0.100), from 0.459 (Moderate conditions) in 2011 to 0.658 (Good conditions) in 2021.



The EQR difference between 2021 and 2011 was positive in all the WBs except for PR4, where the score decreased from 0.317 to 0.283, although it remained in the same quality class. The highest EQR increase was recorded in ER (0.404), ENR3 (0.366), and PR2 (0.300), corresponding to increments of 2.02, 1.83, and 1.50 classes of ecological status, respectively (one quality class = 0.2). ER (13 stations), in the northernmost region of the lagoon, increased from Moderate (2011) to Good (2014) and High conditions (2018–2021) (Kruskal–Wallis: p < 0.001, H = 0.516). ENR3 (3 stations), placed in the southern basin, around the city of Chioggia, changed from Moderate to Good conditions (Kruskal–Wallis: p = 0.072, H = 0.058), whereas PR2 (4 stations), in the choked areas of the southern basin, significantly improved from Poor to Good conditions (Kruskal–Wallis: p < 0.05, H = 0.816). PR4, PNR1, ZV (Zappa Valley), and DV-CV (Dogà and Cavallino Valleys) maintained the assessment recorded in 2011, although PR4 showed a slight decline in score. All the other WBs showed an EQR increase of up to 1.17 quality classes.



The changes in the ecological conditions were linked to significant variations in lagoon vegetation, including a progressive increase in the number of sensitive macroalgal species per station (from 1.93% in 2011 to 3.85% in 2021), in the number of stations colonized by aquatic angiosperms (from 24 to 45), and in the total angiosperm cover (from 20.5% to 34%) (Figure 4).



The total number of macroalgal taxa ranged from 126 in 2021 to 127 in 2014, 132 in 2018, and 131 in 2021. Although the mean number of macroalgal taxa per station exhibited a slight increase (from 18.7 in 2011 to 21.0 in 2021) (Figure 4A), the mean number of sensitive taxa, which mainly colonized stations with Moderate–Good–High ecological conditions, approximately doubled (from 1.93 taxa in 2011 to 3.85 taxa in 2021, Kruskal–Wallis: p < 0.001, H = 0.157) (Figure 4B). Many taxa that were present only in a limited number of stations in 2011 progressively increased their spread in the following years while thionitrophilous algae such as Ulvaceae and Cladophoraceae decreased in both biomass and species number.



Similarly, the number of stations colonized by aquatic angiosperms increased from 24 in 2011 to 45 in 2018 and 2021. The total cover of angiosperms across all 87 stations changed from 20.5% to 34.6%, though this change was not statistically significant (Kruskal–Wallis: p < 0.05, H = 0.045) (Figure 4C,D).



Among them, N. noltei showed the highest increase in the number of colonized stations, rising from 4 in 2011 to 19 in 2021, with a significant increase (Kruskal–Wallis: p = 0.01, H = 0.050) in mean total cover, ranging from 2.64% in 2011 to 7.29% in 2021) (Figure 5).



Z. marina, although it colonized 12 new stations in 2021 (16 in 2011 and 28 in 2021), with a total mean cover ranging from 9.77% to 15.8% in 2018 and 13.0% in 2021, showed changes that were not significant (Kruskal–Wallis: p = 0.059, H = 0.015). Similarly, the increases in C. nodosa and R. cirrhosa were not significant. C. nodosa colonized 12–14 stations, with a cover ranging from 9.77% to 11.2% (Kruskal–Wallis: p = 0.793, H = 0.005), while R. cirrhosa colonized only 1–6 stations, with a cover increase ranging from 1.49% in 2011 to 2.33% in 2021 (Kruskal–Wallis: p = 0.254, H = 0.002) (Figure 5). However, R. cirrhosa, which in 2014 was present only in the modified Dogà and Cavallino fishing valleys, was subsequently recorded in the northern lagoon areas open to water tides (water body ER).



Figure 6 shows the mean values of some water parameters measured in the water column of the 87 stations that could affect the changes in macrophytes.



The mean Reactive Phosphorus (RP), the Dissolved Inorganic Nitrogen (DIN = sum of ammonium, nitrite, nitrate) concentrations, and the mean Total Suspended Solid (TSS) amounts showed significant changes (Figure 6). RP ranged from 0.14 µM in 2011 to 0.18 µM in 2021 (Kruskal–Wallis: p < 0.001, H = 0.108), and DIN from 11.5 µM in 2011 to 5.81 µM in 2021 (Kruskal–Wallis: p < 0.001, H = 0.263), with a minimum mean value (3.46 µM) in 2018. TSSs ranged from 38.8 mg L−1 in 2011 to 35.3 mg L−1 in 2021 (Kruskal–Wallis: p = 0.001, H = 0.062). The mean Chlorophyll-a (Chl-a) concentration also showed a significant increase, ranging from 0.71 µg L−1 in 2011 to 2.79 µg L−1 (Kruskal–Wallis: p < 0.001, H = 0.447), with a maximum value (3.80 µg L−1) in 2018.




4. Discussion


The ecological quality of many Italian TWSs has been assessed by studying the relationships between macrophytes, environmental parameters, nutrients, and pollutants since the last decades of the 20th century [22,23], particularly in the Venice Lagoon, the largest and most studied TWS in the Mediterranean Sea ([2,24] and references therein). Based on these studies, and in compliance with the requirements of the Water Framework Directive (WFD 2000/60/EC), the MaQI developed by [8] and references therein has been applied by the Italian Regional Agencies for Environmental Prevention and Protection (ARPAs) since the late 2000s. Although some data from other Italian lagoons are also available [25], the analyses conducted in the Venice Lagoon are the most comprehensive for evaluating changes in macrophyte assemblages triggered by various anthropogenic stressors. In fact, the results reported in this paper were obtained from numerous research projects and covered the entire lagoon from 2011 to 2021, representing nearly the totality of environmental conditions present in the main Italian TWSs [14]. The MaQI is capable of detecting significant changes in the lagoon’s ecological status. In particular, the variation in the number of sensitive macroalgae and the cover and spread of aquatic angiosperms are the core of the index. Indeed, small sensitive calcareous taxa (SCTs) of the genera Hydrolithon (Foslie) Foslie, Pneophyllum Kützing, and Melobesia J.V. Lamouroux are particularly well-suited for detecting environmental changes in all Italian TWSs [26]. These taxa are particularly affected by pH changes, which primarily result from fluctuations in trophic conditions. During the spring–summer macrophyte growth, the pH of the water column can rise to up to 9.5 in the presence of high biomasses of opportunistic macroalgae. However, when these collapse, the pH can drop to values close to or below 7.00. Under these conditions, SCTs are unable to survive and/or grow, while the presence of other sensitive macroalgae of larger sizes is hindered by the overgrowth of opportunistic species, such as Ulvaceae and/or Gracilariaceae, whose daily relative growth rate (RGR) can easily exceed 5% [27]. Moreover, the presence/absence and density of SCTs in the lives of aquatic angiosperms or on large macroalgal thalli can predict the evolution of the ecological status towards better or worse conditions. Results from previous studies ([28] and references therein) indicate that macroalgae are more efficient than aquatic angiosperms in detecting environmental changes. Indeed, in pristine or nearly pristine TWS conditions, SCTs and aquatic angiosperms are favored. As ecological conditions deteriorate, SCTs disappear before aquatic angiosperms. On the contrary, in areas lacking plants, SCTs appear first, followed by the recolonization of bottoms by aquatic angiosperms. This is because macroalgae spread via spores (30–60 µm) and small gametes (2–8 µm), behaving like phytoplankton, whereas aquatic angiosperms produce larger seeds (1–3 mm up to over 1 cm), which are more difficult to disperse. So, macroalgae can rapidly colonize new areas or disappear with changing ecological conditions within a few months, whereas angiosperms take a few years to do so. Furthermore, recolonization is nearly impossible or requires many years if there are no nearby plants to provide seeds.



For this reason, in the Venice Lagoon, the angiosperm repopulation was accelerated by the transplant of approx. 100,000 rhizomes, each with one or more leaf bundles as part of the Life SERESTO (LIFE12-NAT-IT-000331 [29] and Life LAGOON REFRESH (LIFE16-NAT-IT-000663 [30] projects. Over a period of 10 years, aquatic angiosperms repopulated approx. 20 km2 of the lagoon bottoms with dense populations. Similarly, transplants of aquatic angiosperms are currently underway in some lagoons of the Po Delta (Italy), in the Amvrakikos lagoons (Greece), and in the Mar Menor (Spain) as part of the Life project TRANSFER (LIFE19-NAT-IT-000264 [31]. Indeed, the presence of well-structured aquatic angiosperm populations supports faster environmental recovery by counteracting bottom erosion, trapping CO2, oxygenating the environment, creating ideal habitats for benthic macrofauna and fish fauna, and promoting traditional fishing and various recreational activities [32,33,34,35].



In the literature, many papers address the relationship between just a few macrophyte variables (i.e., species, spread, cover) and some environmental parameters [22,36,37,38,39], whereas, in previous papers by our research group ([8] and references therein), numerous correlations between macrophytes and water column and surface sediment parameters were analyzed simultaneously, leading to the development of the latest version of the MaQI. Subsequent studies, such as [28] and references therein, confirmed the strong positive correlation between the MaQI and some environmental parameters, especially water transparency, temperature, pH, salinity, and sediment grain size and density, along with an inverse correlation with nutrient and pollutant concentrations in the water column and surface sediments. Indeed, anthropogenic pressures, especially variations in pollutant and nutrient inputs, have a significant impact on phytoplankton and macroalgal biomass and ultimately on the change of the dominant species [36,38,40,41,42]. In the Venice Lagoon, pollutants such as organic contaminants [43], heavy metals [23], and nutrient concentrations ([28] and references therein), both in the water column and surface sediments, have been declining since the 1990s.



Moreover, other environmental impacts associated with aquaculture, such as the harvesting of the Manila clam Ruditapes philippinarum Adams and Reeve, have significantly reduced since the 2010s. As a result, the lagoon has shown progressive recovery with a reduction in nutrient concentration in both the water column and surface sediments and changes in primary production and macrophyte assemblages ([28] and reference therein). Data collected between 2011 and 2021 (Figure 6) show a significant decrease in Dissolved Inorganic Nitrogen (DIN), while phosphorus (RP) levels had already decreased in the previous decade. As a consequence, Chl-a concentrations increased, showing mean values close to those recorded before the period of intense clam harvesting and benthic vegetation changes. In particular, the percentage of sensitive macroalgae per station and the presence and cover of aquatic angiosperms nearly doubled. Among them, R. cirrhosa, which has disappeared from the open lagoon since the early 2000s [44], began recolonizing choked areas of the lagoon open to tidal exchanges in 2014. Additionally, N. noltei and Z. marina increased their presence in inner lagoon areas, which had previously been more affected by eutrophication phenomena. The MaQI highlighted the improvement in the conditions of WBs, particularly in the choked areas of the northern lagoon, where the ecological status increased by two ecological classes over ten years. However, in general, EQR increased in almost whole the WBs except in PR3, where it decreased slightly, although the water body’s ecological assessment remained Poor.



The ability of macroalgae to respond and adapt quickly to environmental stressors is demonstrated in several studies. Some authors [36] described the variation in macroalgal composition and structure along a gradient of nutrient enrichment coming from an urban sewage outfall. In this study, the authors reported that Ulva-dominated communities appeared close to the sewage outfall, whereas Corallina-dominated communities replaced Ulvaceae at intermediate levels of nutrient enrichment. Cystoseira-dominated communities thrived in the reference site and also in areas with nutrient levels threefold higher than those reported from unpolluted sites, decreasing along the gradient of nutrient enrichment. These authors found that the ecological status assessment based on indicator species had high correlations between species abundances and pollution levels, with good performance in water quality assessment. Another study [45] reported that changes in nutrient concentrations promote the production of nitric oxide, which triggers a fast sporulation of Ulva. As a result, Ulva thalli quickly occupied large areas of the sea, developing into green tides. Other authors [46] enhanced the role of other parameters, such as increased water turbidity, due to eutrophication in the Baltic Sea as the cause of the upward expansion of Fucus vesiculosus Linnaeus. Indeed, the lower limit of this alga had moved upwards from a maximum of 11.5 m in 1943/44 to 8.5 m in 1984.



Moreover, ref. [47] reported that ocean acidification and the increase in ultraviolet B (UVB) irradiance affect macroalgal physiology, life cycles, and community structure. The same authors showed that most of the examined macroalgae can respond quickly to global ocean warming and that slight warming can improve their growth rates. Conversely, [48,49] found that rising water temperatures were very deleterious for cold-loving macroalgae, especially some Phaeophyceae such as Fucales.



All of these studies confirm the key role of macrophytes in detecting environmental changes much more than the analysis of environmental parameters [7,8] or other biological elements [13]. Therefore, the assessment of species composition and biomass should be the primary approach when studying the ecological status of TWSs. In fact, a simple check on the presence/absence of aquatic angiosperms and sensitive species is sufficient for a rapid assessment of the ecological conditions of the environment.
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Figure 1. Map of the Venice Lagoon. 
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Figure 2. Macroalgal Quality Index (MaQI) scheme to assess the ecological status of transitional water systems (TWSs). As indicated by the Water Framework Directive (WFD 2000/60/EC) the Ecological Quality Ratio (EQR) values are highlighted in red (Bad conditions), ochre (Poor conditions), yellow (Moderate conditions), green (Good conditions) and light blue (High conditions). 
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Figure 3. Ecological Quality Ratio (EQR) changes determined by the Macrophyte Quality Index (MaQI) in the water bodies (WBs) of the Venice Lagoon from 2011 to 2021. Legend: DV = Dogà Valley; CV = Cavallino Valley; ZV = Zappa Valley; ER = Euryhaline Restricted; ENR = Euryhaline Non-Restricted; PR = Polyhaline Restricted; PNR = Polyhaline Non-Restricted. 
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Figure 4. Changes in (A) the mean number of total macroalgal taxa per station; (B) the mean number of sensitive macroalgal taxa per station; (C) the total number of stations colonized by aquatic angiosperms; (D) the mean percentage of aquatic angiosperm cover in the total stations during the 4 sampling years. 
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Figure 5. (A) Number of colonized stations by each angiosperm species; (B) total mean cover of each angiosperm in the 87 stations between 2011 and 2021. 
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Figure 6. (A) Mean values of Reactive Phosphorus (RP); (B) Dissolved Inorganic Nitrogen (DIN = sum of ammonium, nitrite, nitrate); (C) Total Chlorophyll-a (Chl-a); and (D) Total Suspended Solids (TSSs) in the 87 stations between 2011 and 2021. 
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Table 1. Comparison of the mean Macroalgal Quality Index (MaQI) Ecological Quality Ratios (EQRs) in the period 2011–2021 determined for the 11 unmodified water bodies (WBs) for the 2 highly modified WBs and for all the stations. Significant values (p < 0.05, H) were determined by the application of the Kruskal–Wallis test (p < 0.05, H) for non-normal data and one-way ANOVA (p < 0.05, F) for normally distributed data. NS = not significant. In the last column, significant values are in blue.
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MaQI EQR Changes




	

	

	

	

	
Ecological Quality Ratio (EQR)




	
Water Bodies

	
Station Number

	
2011

	
2014

	
2018

	
2021

	
Difference 2021–2011

	
Kruskal–Wallis Test 2011–2021






	
Unmodified

	
Euryhaline Restricted

	
ER

	
13

	
0.408

	
0.631

	
0.854

	
0.812

	
0.404

	
p < 0.001, H = 0.516




	
Euryhaline Non-Restricted 1

	
ENR1

	
21

	
0.721

	
0.769

	
0.769

	
0.871

	
0.150

	
NS: p = 0.082, H = 0.051




	
Euryhaline Non-Restricted 2

	
ENR2

	
7

	
0.479

	
0.629

	
0.714

	
0.671

	
0.192

	
NS: p = 0.235, F = 1.560




	
Euryhaline Non-Restricted 3

	
ENR3

	
3

	
0.417

	
0.483

	
0.750

	
0.783

	
0.366

	
NS: p = 0.072. H = 0.058




	
Euryhaline Non-Restricted 4

	
ENR4

	
10

	
0.520

	
0.490

	
0.530

	
0.615

	
0.095

	
NS: p = 0.263, H = 0.014




	
Polyhaline Restricted 1

	
PR1

	
6

	
0.317

	
0.292

	
0.533

	
0.467

	
0.150

	
NS: p = 0.295, H = 0.010




	
Polyhaline Restricted 2

	
PR2

	
4

	
0.325

	
0.350

	
0.375

	
0.625

	
0.300

	
p < 0.05, H = 0.816




	
Polyhaline Restricted 3

	
PR3

	
3

	
0.317

	
0.317

	
0.350

	
0.550

	
0.233

	
NS: p = 0.369, H = 0.048




	
Polyhaline Restricted 4

	
PR4

	
3

	
0.317

	
0.317

	
0.317

	
0.283

	
−0.033

	
NS: p = 0.456, H = 0.111




	
Polyhaline Non-Restricted 1

	
PNR1

	
5

	
0.330

	
0.350

	
0.330

	
0.350

	
0.020

	
NS: p = 0.317, H < 0.001




	
Polyhaline Non-Restricted 2

	
PNR2

	
9

	
0.261

	
0.350

	
0.394

	
0.406

	
0.144

	
NS: p = 0.266, H = 0.015




	
Modified

	
Zappa Valley

	
ZV

	
1

	
0.250

	
0.250

	
0.250

	
0.250

	
0

	
NS: p = 0.317, H < 0.001




	
Dogà Valley, Cavallino Valley

	
DV-CV

	
2

	
0.925

	
0.925

	
0.925

	
0.925

	
0

	
NS: p = 0.266, H = 0.015




	
Means of all stations

	
87

	
0.459

	
0.542

	
0.620

	
0.658

	
0.199

	
p < 0.001, H = 0.100




	
Means of the 11 unmodified water bodies

	
0.401

	
0.453

	
0.538

	
0.585

	
0.184

	
NS: p = 0.077, H = 0.089
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