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Abstract

:

In coastal lagoons, marine benthic macrophyte meadows can be an important element in the resistance to eutrophication of the ecosystem, as they can function as temporary nitrogen sinks, limiting the availability of this nutrient for opportunistic organisms. The role of nitrogen sinks for two dominant macrophyte species of Mediterranean coastal lagoons, the seagrass Cymodocea nodosa and the seaweed Caulerpa prolifera, was analysed by two different approaches: (i) studying nitrate (NO3-) and ammonium (NH4+) uptake kinetics of aboveground tissues in a laboratory and (ii) estimating nitrogen stocks and demands of meadows under natural conditions. The studies were carried out in the coastal lagoon of the Mar Menor, which has been subjected to high anthropogenic nitrogen inputs for decades. While both macrophytes were efficient in exploiting NH4+ from the water column, only C. prolifera showed a high NO3- uptake capacity. Large N pools in the C. nodosa and C. prolifera meadows of the Mar Menor were detected, suggesting that these habitats may have the potential to be essential reservoirs for this nutrient. However, the major role of belowground tissues of the seagrasses in nitrogen accumulation may determine important differences between the two species in temporary N storage and sequestration. The data on N demands for the meadows of both macrophytes in the Mar Menor suggest an important contribution of these habitats in controlling the inputs of this nutrient into the lagoon. We conclude that C. nodosa and C. prolifera meadows can play a key role as a sink for dissolved inorganic nitrogen in temperate coastal lagoons, being an important mechanism of resistance to eutrophication.
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1. Introduction


Coastal lagoons are highly biodiverse and productive environments that provide critical ecosystem services with significant socioeconomic impact, such as food provisions or climate regulation [1,2,3]. These areas are usually subject to high rates of human development that can promote drastic changes in land use. An increase in agricultural and/or urban uses can enhance nutrient discharge into lagoons, triggering eutrophication processes that are favoured by the limited exchange capacity with the adjacent sea and shallow depth of these ecosystems [4,5]. Eutrophication can lead to the deterioration of these vulnerable ecosystems, causing a loss in biodiversity, natural heritage, and ecological and socio-economic services and values. Anthropic inorganic nitrogen inputs are considered one of the main causes of eutrophication in coastal lagoons [6,7]. In these ecosystems, perennial benthic macrophytes (seagrasses and macroalgae) can account for high biomasses and productivity, playing a major role in the biogeochemical cycle of nitrogen [8,9]. Macrophyte meadows can acquire and incorporate large amounts of dissolved inorganic nitrogen (DIN) from the water column, which can be retained in their tissues in the short term (weeks to months). Tissue decomposition in the sediment causes the formation of recalcitrant material that can suppose long-term nitrogen retention (years to decades) [10,11]. Thus, macrophyte meadows can act as temporary nitrogen sinks and coastal filters, reducing nitrogen availability to bloom-forming macro- and microalgae and enhancing ecosystem resistance to eutrophication [12,13,14].



Specific physiological responses from macrophytes species will help to understand their role in the maintenance of ecosystem services related to N dynamics in coastal lagoons [15]. The ability of macrophytes to remove DIN from the water column and store it in their tissues is regulated by internal physiological and vegetative features (N assimilation by tissues, N demands for growth, clonal integrity, biomass allocation strategies, etc.) and by environmental conditions (N availability, water motion, etc.), varying greatly between and within species [16,17,18,19,20]. DIN uptake capacity can usually be described by kinetic models that allow us to quantify affinities on different DIN sources and uptake rates under different environmental N availability [17,20]. In turn, the N content of tissues can be used to identify specific storage strategies and to calculate their N demand for growth [21,22].



The seagrass Cymodocea nodosa (Ucria) Ascherson and the chlorophyte Caulerpa prolifera (Forsskål) JV Lamouroux are usually present in the benthic macrophyte communities of coastal lagoons in the Mediterranean Sea and the Atlantic east coast, where dense meadows can develop and dominate primary production [23,24,25,26,27]. Both macrophytes are perennial, slow-growing, clonal species with high nitrogen requirements [21,22,24,28,29], traits usually associated with a high capacity to remove nitrogen when it is highly available [20,30,31,32]. High nitrogen contents and low C/N ratios described in mixed meadows of both species have been related to a high storage capacity for this nutrient [26]. Indeed, C. nodosa has shown a greater N storage capacity than other seagrass species of similar size, such as Zostera noltii [21]. This physiological trait has also been observed for the Caulerpa species in the Mediterranean Sea in relation to co-occurring macroalgae [32]. However, there are still large knowledge gaps on the nitrogen nutritional physiology and nitrogen metabolism of both species, and the role of coastal filter for well-developed C. nodosa and C. prolifera meadows remains largely unassessed. For example, experiments on DIN uptake kinetics of C. nodosa and C. prolifera have been conducted only in oligotrophic Atlantic lagoons, but DIN acquisition capacity in environments with high N availability remains unexplored [33,34,35,36]. On the other hand, realistic ecosystem-level estimations of nitrogen stocks in meadows of both species and nitrogen budgets between demands of these communities and inputs into the system have hardly been determined.



The Mar Menor is one of the largest coastal lagoons in the Mediterranean Sea, whose important ecological values have made it worthy of numerous national and international protection schemes (Regional Park, Ramsar International Area, Special Protected Area of Mediterranean Interest (SPAMI; Barcelona Convention in 2001), and a Site of Community Importance (SCI; EU Habitats Directive)). Since the 1990s, a progressive increase in inorganic nitrogen inputs has been registered in the lagoon as a consequence of drastic increases in intensive irrigated agriculture in the adjacent catchment [37]. Despite this situation, the lagoon has remained in a characteristic state of clear waters with low chlorophyll concentrations, which has been related to homeostasis mechanisms, including the potential nitrogen sink role of macrophyte meadows in the lagoon [38,39]. However, in 2015, a prolonged massive phytoplankton bloom occurred that caused a drastic reduction in available light and an extensive benthic macrophyte die-off (81% of the macrophyte meadows disappeared, and its distribution was reduced to shallow areas with depths of less than 2 m (Figure 1)), suggesting that eutrophication resistance of the ecosystem had been exceeded [40].



The Mar Menor represents an exceptional study case to assess the role of C. nodosa and C. prolifera meadows as inorganic nitrogen sinks in coastal lagoons subject to high anthropogenic nitrogen inputs. The present paper aimed to fill this gap through two different approaches, by studying the physiological capacity of both species to acquire inorganic nitrogen from the environment and by estimating nitrogen stocks and demands of both macrophytes in the coastal lagoon. With this aim, (i) nitrate and ammonium uptake kinetics of aboveground tissues of both species from Mar Menor meadows were experimentally estimated, and (ii) N stocks accumulated in the meadows were evaluated for the entire lagoon. On the basis of these data, physiological DIN uptake capacities of both species were described and annual nitrogen demands on a lagoon scale were estimated.




2. Materials and Methods


2.1. Study Area


The Mar Menor is a hypersaline (41–44 psu), shallow coastal lagoon (maximum depth 7 m, average depth 4.5m), located in the southeast of the Iberian Peninsula (Figure 2). With an extension of 135.5 km2, it is isolated from the Mediterranean Sea by a sandy bar 22 km long (La Manga), in which three main communication areas with the open sea through shallow channels are located (Encañizadas, El Estacio, and Marchamalo). Lagoon water temperature varies from 10 °C in winter to 31 °C in summer, without significant stratification in the water column [41].



On the west and south shores, ephemeral wadis flow into the lagoon (Figure 2), although most of them are inactive and transport water only during rainy seasons. However, intense agricultural development in the catchment generates a surplus of water with a high nitrate load that forms permanent water flows in some of these wadis. The Albujón Wadi (Figure 2) is considered the main surface water input into the lagoon with an average annual flow of 0.02 m3 s−1 and peaks up to 10.5 m3 s−1 during strong rainfalls and runoff events [42]. Surplus water from intensive agriculture also recharges the groundwater that reaches the lagoon in a diffuse way, mainly on the west shore, with annual flows ranging between 20 and 60 hm3 year−1 (González-Barberá unpublished data). Nitrate inputs by these sources show a marked temporal pattern, with greater contributions under high agricultural activity (spring and summer; [39,42,43]). According to recent estimates, the average annual amount of nitrate reaching the lagoon by these sources is 3435 t year−1 [44]. The progressive discharge of nitrate over the last decades has promoted the accumulation of large amounts of ammonium in the sediment that is finally being released into the water column [41]. Ammonium release from marine sediments also shows a marked spatial and seasonal pattern with higher flows in the southern basin in summer. Recent estimates indicate that the average annual release rate is close to 8378 t [45]



The historical increase of anthropic nitrogen discharges into the lagoon has determined the existence of two different periods depending on the amount of this nutrient in the water column [39,41]. Until the 1990s, the average monthly concentration of DIN were less than 1 µM, similar to values obtained in oligotrophic waters of the adjacent Mediterranean Sea, and the maximum values did not exceed 2 µM. From this date onwards, a drastic change has taken place, with monthly mean values an order of magnitude higher than those observed in the previous period and maximum concentrations up to 8–10 µM. A marked spatial and temporal heterogeneity has also been observed, reflecting the patterns and dynamics of nitrogen input into the lagoon.



The highest concentrations of DIN have been recorded in areas near the Albujón´s mouth, in the southern basin, with monthly mean values above 5 µM. In times of high agricultural activity, concentrations can usually exceed 15 µM and even reach 80 µM after runoff events [39,41]. On the contrary, the minimum values (<2 µM, Bernardeau-Esteller, unpublished data) have been recorded in the Encañizadas area, in the northern basin, where the highest exchange rates with the Mediterranean Sea occur. Between the 1980s and 2010, chlorophyll a concentrations in the lagoon showed a smooth progressive trend, although monthly mean values generally remained below 1 mg m−3 throughout this period, levels typical of oligotrophic waters. Between 2012 and 2015, a significant change in this trend was observed, with monthly mean values an order of magnitude higher that in the previous period. Over these decades, low turbidity was registered, and dense C. nodosa and C. prolifera meadows dominated most of the lagoon’s bottom. In 2016, as a result of a strong phytoplankton bloom, there was an exponential increase in chlorophyll a concentration, with mean values above 15 mg m−3 and maximum values up to 30 mg m−3. This bloom caused a significant increase in water turbidity, which was related to a benthic macrophytes collapse at depths greater than 2 m [40]. After this collapse and until 2018 (date of the present study), the ecosystem reached an alternative state in which phytoplankton blooms (with chlorophyll a values above 30mg m−3) and floating macroalgae proliferations alternate with periods of transparent water [41].



In 2018, the distribution of C. nodosa meadows was similar to that observed after the collapse in 2016, colonising only shallow (<2 m) bottoms of the lagoon. C. prolifera meadows presented a wider distribution according to a greater recovery capacity after the collapse, reaching 4m depth [41]. Meadows of both species had a high vegetative development, with biomasses ranging between 528.2 and 1252.1 g m−2 for the seagrass and between 109.5 and 508.7 g m−2 for the chlorophyte [41].




2.2. DIN Uptake Kinetics


Since DIN availability in the water column can be considered a major factor driving inter- and intraspecific differences in macrophytes uptake capacities (46), DIN uptake kinetics (NO3- and NH4+) were experimentally analysed in leaves of C. nodosa and fronds of C. prolifera collected from mixed meadows located in the two areas representing the maximum range of DIN availability in the lagoon: the Albujón´s mouth, with high DIN availability (ALB-HN site), and the Encañizadas areas, with low DIN availability (ENC-LN site). In both sites, C. nodosa meadows were located at 1.2 m depth on sandy bottoms, while C. prolifera meadows were at 2.7 m depth on muddy bottoms. In June 2018, C. nodosa shoots and C. prolifera stolons were collected by hand from both sites and transported to the laboratory refrigerated. Once in the laboratory, the leaves and fronds were cleaned of epiphytes. As uptake kinetics by macrophyte aboveground tissues depend on DIN availability in the sediment, shoots and stolons were replanted in pots with sediment collected in each area to simulate natural conditions as closely as possible. Ammonium was the main DIN source in the sediment pore water, with concentrations close to 40 µmol L−1 in the C. nodosa meadows and 100 µmol L−1 in C. prolifera meadows [41]. These pots had a lid that made it possible to isolate the aboveground parts from the belowground parts; the two were connected by a hole in the lid that was sealed with sterile clay to prevent sediment release or nutrient diffusion into the water. Shoots/stolons necessary to achieve a minimum final leaves/fronds dry weight of 1g were placed in each pot. Each of these pots constituted the experimental unit on which the incubations were carried out. The pots were acclimatised in a mesocosm system with filtered seawater for one day under light and temperature conditions similar to those of the field in that period (Tª: 27 °C; irradiance: 300 µmol photon m−2 s−1). These conditions were also maintained during the experimental incubations, which were performed the day after collection. Incubations were carried out using 1 L volume chambers with filtered seawater and an initial ammonium and nitrate concentration <1 µM. The pots were individually introduced into these chambers until completely submerged. Incubations were carried out for 1 h with four different concentrations (8, 16, 40, and 100 µM) of isotopically labelled nitrate and ammonium (15KNO3% = 99, 15NH4Cl% = 99, Cambridge Isotope Laboratories) and under constant light and temperature conditions (300 µmol photon m−2 s−1, 27 °C). During incubations, the water column was constantly stirred using a small hydraulic pump attached to the chamber wall to ensure mixing of the medium and avoid stratification. Five incubations (n = 5) were carried out for each combination of nutrient, concentration, species, and locality. Once finished, the pots were quickly removed from the chambers, and aboveground tissues were carefully separated from belowground parts. Then, leaves and fronds were rinsed with deionised water to remove nutrients from the tissues´ surface and dried to a constant weight (60°C for 24 to 48 h). Samples were ground to a fine powder for isotope enrichment analyses. Isotopic determinations were carried out using an elemental analyzer (EA) interfaced to a continuous flow isotope ratio mass spectrometer (IRMS).



Nitrate and ammonium uptake rates (V, µmolN g−1 DW h−1) were calculated according to the following Equation (1):


V = [(15Nexp − 15Nback) × Nc]/(MN × t)



(1)




where the difference (15Nexp–15Nback) is the 15N enrichment relative to natural 15N shoot levels, Nc is the nitrogen content (gN g−1DW), MN is the molar mass of nitrogen (14 g mol−1), and t is the duration of the incubation (1 h). Uptake rates, V, were plotted against substrate concentration (S, μM), and the uptake kinetic parameters were calculated using the Michaelis–Menten model,


V = (Vmax × S)/(Km + S)



(2)




where Vmax is the maximum uptake rate (μmolN g−1DW h−1), and Km is the half-saturation constant (i.e., value at which V = Vmax/2, μM); Vmax and Km were estimated by graph analyses using SigmaPlot 11 (Systat Software Inc). The affinity constant, α, which represents the efficiency of nitrogen uptake at low ambient concentrations, was calculated as Vmax/Km.



Uptake rates at ambient NH4+ and NO3− concentrations (Vamb) were determined using the modified Equation (2) as


Vamb = (Vmax × Samb)/(Km + Samb)



(3)




where Samb is the ambient concentration of NH4+ or NO3− in the water column; nitrate and ammonium average lagoon concentrations (n > 100) from the Mar Menor water monitoring programme developed by the Spanish Institute of Oceanography since 2016 were used as Samb values. Nitrate values ranged from 0.19 to 11.18 µM, while for ammonium, values ranged from 0.15 to 4.56 µM (41).




2.3. Biomass, N Content in Macrophyte Tissues, and N Stock and N Demand Estimations of Meadows


Macrophyte samples were collected in June 2018. This sampling time represents an intermediate situation in the development cycle of both species in the lagoon, with maximum biomass in late summer and early autumn and minimum biomass in late winter and early spring [24]. On the other hand, previous studies have shown that nitrogen and carbon content of C. nodosa and C. prolifera does not show defined seasonal variation over the year [24]. A total of 11 stations were sampled (7 for C. nodosa and 4 for C. prolifera, including sites used for the uptake experiment; Figure 2, Supplementary Materials Table S1) that represented the highest environmental variability for meadows of both species in the Mar Menor lagoon [46]. Three samples per station (n = 3) were collected using corers (15 cm diameter and 30 cm height). Samples were transported to the laboratory in cooler containers. Once at the laboratory, C. nodosa tissues (leaves, rhizomes, and roots) and C. prolifera tissues (fronds and stolons) were carefully separated, cleaned of sediments and epiphytes, dried to a constant weight (60 °C for 24 to 48 h), and weighed on a precision balance to determine their biomass (gDW m−2). Samples were then ground into a fine powder, and N and C content (%N, %C) was measured with an automatic chemical analysis system (Carlo-Erba 1500). For C. nodosa, N and C content was evaluated separately for each tissue (leaves, rhizomes and roots), while for C. prolifera, it was analysed for fronds and stolons together.



The amount of nitrogen accumulated in the tissues of both species per unit of meadow area (gN g-1DW m−2) was calculated from the nitrogen content and biomass data obtained. Maximum and minimum values of N content from this study and biomass values for both species in the Mar Menor before, during, and after the macrophytes collapse in 2016 from Belando et al. [47] and Ruiz et al. [41] (biomass data from June 2014, 2016, and 2018) were used to estimate N stocks of C. nodosa and C. prolifera meadows for the entire lagoon. To obtain N demands by meadows in an annual production cycle, stock values were corrected with production-to-biomass ratios (P/B), previously obtained for both species from the Mar Menor by Terrados [48]. Specifically, the value used was 2.5 for leaves of C. nodosa, 0.3 for rhizomes and roots of C. nodosa, and 4 for C. prolifera tissues. Seagrasses have strong internal nutrient recycling processes [49], so in the case of C. nodosa, N demands were adjusted, taking into account internal nitrogen recycling of 20% [29]. For macroalgae, such as C. prolifera, it is estimated that these recycling processes occur only under limited nutrient conditions [20], so no correction was applied.




2.4. Statistical Analysis


Generalised Linear Models (GLMs) with three fixed factors of Nitrogen Source (Nsource, 2 levels: nitrate (Nit) and ammonium (Amm)), Species (two levels: C. nodosa (Cym) and C. prolifera (Cau)), and Site (two levels: ALB-HN and ENC-LN) were performed to analyse differences in the descriptors obtained from uptake kinetics. If interactions among factors were significant, they were also included in the models. A gamma distribution of errors was used for Vmax, Km, and alpha, while a quasi-Poisson distribution was used for Vamb. Multiple pairwise comparisons by Tukey’s post hoc tests were performed. To fit models, the statistical environment R was used (R version 3.6.3) (R Core Team 2018), and the glht function in the multcomp package was employed for the Tukey’s post hoc test.





3. Results


3.1. Experimental Uptake Kinetics


DIN uptake kinetics of both species at the two study sites were adjusted by the Michaelis–Menten models (Figure 3; R2 > 0.8, p = 0.004). Overall, the GLM analysis revealed the effects of Species, Nitrogen Source, and Site on uptake kinetic parameters (Supplementary Materials Tables S2–S4).



A significant three-factor interaction term was detected for Vmax (Supplementary Materials Table S2). Mean values were higher for ammonium than nitrate in both species, although differences related to Nsources were greater in C. nodosa (60–70 times higher for ammonioum) than in C. prolifera (10–11 times higher for ammonium) (Figure 4A,D). Vmax for nitrate was between 9 (at the ENC-LN site) and 13 (at the ALB-HN site) times higher in C. prolifera than in C. nodosa, and for both macrophytes, rates obtained at ENC-LN were an order of magnitude lower than at ALB-HN (Figure 4A). Vmax for ammonium showed interspecific differences only at the ALB-HN site, while for both species, the values were twice as high at ALB-HN as at ENC-LN (Figure 4D).



Main factor effects were the only source of variation for Km (Supplementary Materials Table S3). Mean values were an order of magnitude higher for ammonium than nitrate, which was also higher in C. prolifera and ALB-HN site than in C. nodosa and ENC-LN site, respectively (Figure 4B,E).



Significant two-factor interaction terms were detected for α (Supplementary Materials: Table S4). In C. nodosa, higher mean values were recorded for ammonium than for nitrate incubations (Figure 4C,F). This pattern of variation was not observed for C. prolifera. For nitrate, α values were an order of magnitude higher in the macroalga than in the seagrass (Figure 4C), while no differences between species were observed for ammonium (Figure 4F). For both nitrogen sources, no site-dependent variations were observed (Figure 4C,F).



At low ambient NO3- concentrations (<1 µm), saturation in Vamb was recorded in C. nodosa leaves from both sites (Figure 5A). C. prolifera fronds from ENC-LN also showed a saturation in uptake rates but at higher NO3− ambient concentrations (~3 µm), while at ALB-HN, no saturation was observed (Figure 5A). No saturation in Vamb values at NH4+ ambient concentrations was recorded for either species at the two study sites (Figure 5C). A significant three-factor interaction term was detected for Vamb (Supplementary Materials: Table S5). Mean values in C. nodosa were seven times higher for ammonium than for nitrate, while in C. prolifera, no pattern was detected in relation to nitrogen source (Figure 5B,C). For nitrate, Vamb was higher for the macroalga than for the seagrass, as the difference was greater at site ALB-HN (11 times higher) than at site ENC-LN (4 times higher) (Figure 5B). For ammonium, no differences were observed between species, as, in both cases, the Vamb mean values were higher at the ALB-HN site (Figure 5D).




3.2. Biomass, N Content, C/N Ratios, and N Stocks and Annual N Demands of Meadows


In C. nodosa, total biomass values ranged from 604.96 ± 59.9 to 1252.1 ± 83.58 gDW m−2, with both maximum and minimum values recorded in the southern basin (Stations: 7 (Playa Honda) and 6 (Beal Wadi), respectively). At all locations except Station 6 (Beal Wadi), the biomass values of the belowground tissues were higher than those reported for aboveground tissues (Supplementary Materials: Table S6). For C. prolifera, the highest values (508.75 ± 35.54 gDW m−2) were observed next to the Albujón Wadi (Station 10), in the central area of the Mar Menor, and the lowest (183.17 ± 12.42 gDW m−2) were in front of the natural area of La Hita beach (Station 9), in the northern basin (Supplementary Materials: Table S6).



The N content in C. nodosa leaves reached maximum values near the Albujón Wadi (Station 10, 3.96 ± 0.05%) and minimum values in the Encañizadas area (Station 2, 3.03 ± 0.13%). In belowground tissues, N content ranged between 2.73 ± 0.08 and 0.98 ± 0.07%, with maximum values close to Perdiguera Island (Station 4) in the southern basin, and minimum values in the Encañizadas area (Station 2) (Supplementary Materials: Table S7). The maximum N content for C. prolifera (4.48 ± 0.15%) was recorded in front of Carrasquilla Wadi (Station 11) in the southern basin, and minimum values in the Encañizadas area (Station 8, 3.09 ± 0.06%) (Supplementary Materials: Table S7). The amount of nitrogen accumulated in the C. nodosa meadows ranged from 29.52 ± 1.53 gN m−2 (Station 7, Playa Honda) to 12.17 ± 1.45 gN m−2 (Station 2, Encañizadas) (Supplementary Materials: Table S8). In general, consistent with the higher biomass values, belowground tissues accumulated more nitrogen than aboveground tissues, except at Stations 2 (Encañizadas) and 6 (Beal Wadi), where the opposite pattern was observed. For C. prolifera, these values ranged from 20.00 ± 1.36 gN m−2 at Albujón (Station 10) to 5.93 ± 0.52 gN m−2 at Encañizadas (Station 8) (Supplementary Materials: Table S8).



The C/N ratio in C. nodosa leaves ranged between 15.1, in the Perdiguera Island (Station 4), and 12.2, in front of the Beal Wadi (Station 6). Belowground tissues showed a similar spatial pattern with maximum values in the Encañizadas area (Station 2, 42.8) and minimum values in the Perdiguera Island (Station 4, 36.1 (Supplementary Materials: Table S7)). Maximum values of C/N in C. prolifera were recorded in the northern basin, in front of the natural area of La Hita beach (Station 9, 13.7), and the lowest values (11.1) were in the southern basin, in front of the Carrasquilla Wadi (Station 11) (Supplementary Materials: Table S7).



In 2014, estimated annual N demand from macrophyte meadows of the Mar Menor ranged between 2024 and 2984 tons (Table 1). C. prolifera meadows represented 80% of this N demand. In C. nodosa meadows, leaves represented the main source of N demand. During the macrophyte collapse in 2016, N demands of both species in the lagoon decreased by approximately 90% compared with 2014. In 2018, N demands remained virtually unchanged for the seagrass, while for the macroalga, a recovery close to 46% of the 2014 values was estimated.





4. Discussion


4.1. DIN Acquistion by Aboveground Tissues of C. nodosa and C. prolifera from the Mar Menor


The experiments conducted in this study show that aboveground tissues of C. nodosa and C. prolifera from meadows of the Mar Menor are able to remove nitrate and ammonium from the water column. However, important interspecific physiological differences in the acquisition of these compounds were detected, which may significantly impact the potential of both species as a sink for DINs in this or other lagoon ecosystems where they may be present.



In both species, higher Vmax, Km, and α values for ammonium reflect a preferential use of this source of inorganic nitrogen over nitrate. The preference for ammonium is related to a lower energetic cost in its uptake, assimilation, and incorporation into tissues and has been widely reported in C. nodosa and other seagrass species [17].



However, in species of the genus Caulerpa, previous studies show more contradictory results. In Atlantic coastal bays and lagoons, C. prolifera has exhibited both an advantageous use of ammonium over nitrate [34,36] and a lack of preference between the two sources of inorganic nitrogen [33]. In other Caulerpa species, such as the tropical C. lentilifera, even a predilection for nitrate has been reported. Therefore, it cannot be ruled out that in species of this genus, the preference among inorganic nitrogen sources may vary depending on environmental conditions (e.g., sizes of nutrient pools), as has already been described in other green algae in shallow estuaries [50]. In fact, in the Mar Menor, the main contribution of DINs to the lagoon is through the release of ammonium from the sediments [41].



Consistent with previous studies [34,35,36], C. prolifera had higher uptake kinetics parameters for ammonium and nitrate than C. nodosa, indicating a greater physiological capacity to exploit both sources of inorganic nitrogen. This is likely a consequence of the larger nitrogen requirements for growth recorded in the chlorophyte [26,34,36], which are, in turn, possibly correlated with the higher values in both architectural (as surface area) and growth dynamics (as turnover rates) properties for the macroalga compared with the seagrass [24]. Interspecific differences were especially marked in the case of Vmax for nitrate. The values recorded in the present study were greater than those observed for other slow-growing macrophytes in eutrophic environments [51] and even comparable to those reported for ephemeral opportunistic species and bloom-forming algae (e.g., Ulva spp.), species that are characterized by a high capacity to assimilate large amounts of nitrate when the external concentrations are elevated [52,53]. On the other hand, uptake rates for nitrate in C. nodosa were lower than in other temperate and tropical seagrasses, such as Zostera marina, Thalassia testudinum, and Phyllospadix torreyi [46,49,54], and likely reflect a greater physiological limitation to exploit this nitrogen source. Low nitrate utilisation has been widely described in seagrass species and is related to a reduced number of active uptake sites as a consequence of a limitation in the enzymatic activity of nitrate assimilation and because nitrate assimilation is energetically more costly compared with ammonium assimilation [17]. According to these results, nitrate uptake rates at environmental nutrient concentration (Vamb) were much higher in C. prolifera than in C. nodosa, evidencing again a greater capacity of the chlorophyte to remove this source of nitrogen from the water column under the conditions existing in the Mar Menor. No saturation in Vamb for aboveground tissues of C. prolifera was even observed at the maximum environmental nitrate concentrations detected (>10 µM), reflecting the potential of the macroalga to remove large amounts of this compound from the lagoon waters during periods of high availability, such as in months of strong agricultural activity in the adjacent catchment.



Interspecific differences in uptake kinetic parameters for ammonium were much smaller. In fact, Vamb of both species were similar, suggesting that, despite the higher physiological potential observed in C. prolifera to acquire this source of inorganic nitrogen (higher Vmax and Km), the two macrophytes have a similar capacity to take up ammonium by aboveground tissues at the ambient ammonium concentrations of Mar Menor.



Interesting intraspecific differences were also detected in both species as a function of inorganic nitrogen availability in the environment. The highest values of uptake kinetics parameters were recorded in aboveground tissues from meadows of the studied area, where a higher nitrate and ammonium availability in the water column has been described (ALB-HN site). As a consequence of these responses, the rates of uptake at environmental nutrient concentration (Vamb) were also higher in these areas, resulting in higher N contents and lower C/N ratios in leaves and fronds. This higher physiological capacity to acquire NO3− and NH4+ by aboveground tissues likely reflects an adaptive strategy developed by these meadows to take advantage of the higher availability of DINs and suggests that, in both species, moderate concentrations of ammonium and nitrate in the water column enhance the uptake capacity of these tissues, as has already been described in other marine macrophytes [46].




4.2. Nitrogen Pools in C. nodosa and C. prolifera Meadows of the Mar Menor


Biomasses recorded in this study were similar to the maximum values reported for C. nodosa and C. prolifera in other Mediterranean coastal lagoons [25,55] and show the ability of both species in the Mar Menor to form extensive meadows with high vegetative development. In turn, high N contents were detected in tissues of both macrophytes, similar to that reported for these species in other lagoons and eutrophicated coastal systems [26,28]. This combination of high biomass and high tissue N content determined the existence of large N pools per unit area in the C. nodosa and C. prolifera meadows of the Mar Menor. These N stocks per square meter of meadow were much higher than those reported for other seagrasses in eutrophic lagoon ecosystems [56] and even similar to levels observed in blooms of ephemeral opportunistic algae, such as the genus Ulva [57]. Similar ranges of nitrogen pools in meadows of both species suggest a comparable capacity to accumulate nitrogen. However, in C. nodosa, the major role of belowground tissues in nitrogen accumulation may determine important differences between the two species in the temporary storage and sequestration of this nutrient. Nitrogen accumulated during growth is immobilised temporarily in living biomass and detritus until it is mineralised by decomposition. The retention time of this nutrient before it is released back into the environment is, therefore, controlled by the decomposition rates of the plant detritus, which is closely related to the starting nutrient status of the tissues [58]. According to Nielsen et al. [58], aboveground tissues of seagrasses (leaves) and perennial macrophytes show similar decomposition rates of nitrogenous compounds but are lower in seagrasses belowground tissues (rhizomes and roots) as a consequence of a higher proportion of carbon structural components. Although there are no data on decomposition rates of these compounds in C. nodosa and C. prolifera, the recorded C/N ratios (higher in C. nodosa than in C. prolifera) suggest a behaviour similar to that described above. Seagrass belowground tissues likely decompose more slowly than those of the chlorophyte, which favour the formation of larger refractory pools with longer residence times in the sediment. This hypothesis is again consistent with the works of Nielsen et al. [58], who indicated that perennial macrophyte and seagrass leaf tissues form refractory pools that remain in the sediment for the short to medium term (months), whereas refractory pools formed from detritus of seagrass underground tissue are larger, and their release to the environment occurs over a longer time scale (years).




4.3. Control of Nitrogen Inputs by Dominant Perennial Macrophytes of the Mar Menor


In 2014, total nitrogen accumulated in C. nodosa meadows at the lagoon scale was similar to that recorded in C. prolifera meadows (approx. 500 t), although for the seagrass, half of these stocks were in belowground tissues. However, annual N demands of the macroalgae meadows were four times higher (approx. 2000 t) than those of the seagrass (approx. 500 t) as a consequence of differences in the annual production rates of the two species. These results, therefore, suggest a greater potential for C. prolifera meadows to control N inputs to the lagoon in the short term.



Comparing nitrogen inputs into the lagoon (11,813 tNy-1) with N demands of both macrophytes (Table 1) by a mass balance approach shows that the annual demands of C. prolifera meadows in 2014 accounted for 14–20% of total nitrogen inputs, while those of C. nodosa ranged from 4 to 5%. Although these balances are not fully accurate—since they do not take into account, for example, nutrient outflows from the lagoon to the adjacent sea, temporal variations in inputs, other sources of nitrogen, such as organic nitrogen, nitrogen uptake by macrophytes in sediments, or the amount of this nutrient present in other important compartments of the meadows, such as the epiphyte community—they are a useful approximation of the potential capacity of these communities to control nutrient inputs.



Thus, in 2014, at the ecosystem level, the joint role of the dominant perennial marine macrophyte communities of the Mar Menor in the removal of inorganic nitrogen entering the lagoon was likely very important. However, due to the size of these inputs, a large part was likely still available for other organisms and pathways of utilisation. In fact, although in that year, the ecosystem was not yet showing alarming symptoms of dystrophy [39,41], there was already evidence that phytoplankton blooms were occurring in the Mar Menor that finally triggered a long-term algal bloom and meadow mass mortality [40,59]. After the 2015 dystrophic crisis and macrophytes collapse, nitrogen requirements of the shallow meadows remaining in the lagoon accounted for only 2% of the inputs to the lagoon in the case of chlorophyte and 1% for seagrass, showing that the role of these communities in controlling nitrogen-loading in the Mar Menor was much smaller than before the collapse. In the following years, periods (months) characterised by phytoplankton blooms alternated with periods of increased water transparency. C. prolifera took advantage of these more favourable phases to grow and recolonise part of the lagoon bottom, while C. nodosa showed little sign of change in its abundance and distribution. As a consequence of these dynamics in the abundance of both species, in 2018, only four years after the collapse, some recovery has been observed in the control of nitrogen inputs by lagoon meadows (demands now account for 6–11%), although mostly due to the role of C. prolifera (7–10% of the total). On the basis of these data, it can be suggested that macroalgae may, therefore, play a particularly important role in relation to ecosystem resilience. Once environmental conditions improve, allowing macroalgae vegetative development, their high recolonisation capacity seems to allow the ecosystem to rapidly recover part of the function of these meadows as a nitrogen sink.





5. Conclusions


The results obtained in the present study indicate that C. nodosa and C. prolifera meadows can play a relevant role as a biofilter for DIN in temperate coastal lagoons, as an important mechanism of resistance to eutrophication. Although both species showed a high physiological potential to remove inorganic ammonium from the water column, only C. prolifera is highly likely to act as a nitrate sink. The role of the chlorophyte as a DINs coastal filter is further enhanced by its growth attributes (high growth rates and turnover rates) and its ability to form extensive meadows with high vegetative development in lagoon systems, such as the Mar Menor, which determine very high nitrogen demands at the ecosystem level. C. nodosa and C. prolifera have been shown to be able to remove large amounts of inorganic nitrogen from the environment, which are finally accumulated in their tissues, disabling their use by other opportunistic macro- and microalgae associated with eutrophication. In this sense, the seagrass also develops an important belowground compartment that possibly favours the formation of more durable nitrogen deposits that are retained for a longer period of time, slowing down their final release into the environment.
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Figure 1. Evolution of the spatial distribution of marine macrophyte meadows in the Mar Menor coastal lagoon between 2014 and 2018 (adapted from Ruiz et al. 2020 [41]). 
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Figure 2. Map of the Mar Menor showing the location of (i) sites used to experimentally analyse DIN uptake kinetics (blue dotted line: Las Encañizadas, site of low DIN availability (ENC-LN); red dotted line: El Albujón, site of high DIN availability) and (ii) sampling stations for C. nodosa (1–7, light green circles) and C. prolifera (8–11, dark green circles). 
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Figure 3. Uptake kinetics at increasing substrate concentration determined in C. nodosa leaves and C. prolifera fronds from different sites (circles: ENC- LN site; triangles: HN site) in the Mar Menor lagoon. (A) NO3− uptake rates, (B) NH4+ uptake rates. Uptake kinetics were adjusted by the Michaelis–Menten model. Values are means (n = 5) and standard errors. 
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Figure 4. NO3− (A–C) and NH4 + (D–F) uptake kinetics descriptors determined in C. nodosa leaves and C. prolifera fronds from different sites (ENC-LN, ALB-HN) in the Mar Menor lagoon: maximum uptake rates (Vmax), half-saturation constant (Km), and uptake affinity (α). Values are means (n = 5) and standard errors. 
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Figure 5. (A,B): Uptake rates at ambient DIN concentrations (Vamb) determined in C. nodosa leaves and C. prolifera fronds from different sites (circles: ENC-LN site; triangles: ALB-HN site) in the Mar Menor lagoon; (A) NO3− uptake, (B) NH4+ uptake. (C,D): Boxplots of uptake rates at ambient DIN concentrations (Vamb; (C): NO3− ambient concentration; (D): NH4+ ambient concentration) determined in C. nodosa leaves and C. prolifera fronds from different sites (ENC-LN, ALB-HN) in the Mar Menor lagoon. 
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Table 1. Biomasses (from Belando et al. 2017 [47] and Ruiz et al. 2020 [41]), nitrogen stocks, and annual nitrogen demands of C. nodosa and C. prolifera meadows in the Mar Menor lagoon.






Table 1. Biomasses (from Belando et al. 2017 [47] and Ruiz et al. 2020 [41]), nitrogen stocks, and annual nitrogen demands of C. nodosa and C. prolifera meadows in the Mar Menor lagoon.





	
2014

	
Biomass (t)

	
N Stock (t)

	
N Demand (t y−1)




	
Species

	

	
max

	
min

	
max

	
min






	
C. nodosa

	

	

	

	

	




	
Aboveground tissues

	
6512.9

	
257.9

	
197.3

	
515.8

	
394.7




	
Belowground tissues

	
12,588.5

	
333.3

	
124.8

	
80.0

	
30.0




	
Total

	
19,101.4

	
591.2

	
322.2

	
595.8

	
424.6




	
C. prolifera

	
13,328.4

	
597.1

	
399.9

	
2388.4

	
1599.4




	
TOTAL MACROPHYTES

	
25,014.2

	
1188.4

	
722.0

	
2984.3

	
2024.1




	
2016

	
Biomass (t)

	
N Stock (t)

	
N Demand (t y−1)




	
Species

	

	
max

	
min

	
max

	
min




	
C. nodosa

	

	

	

	

	




	
Aboveground tissues

	
1335.3

	
52.9

	
40.5

	
105.8

	
80.9




	
Belowground tissues

	
3425.2

	
90.6

	
34.0

	
21.7

	
8.2




	
Total

	
4760.5

	
143.5

	
74.4

	
127.5

	
89.1




	
C. prolifera

	
1428.9

	
64.0

	
42.9

	
256.1

	
171.5




	
TOTAL MACROPHYTES

	
5469.9

	
207.5

	
117.3

	
383.6

	
260.5




	
2018

	
Biomass (t)

	
N Stock (t)

	
N Demand (t y−1)




	
Species

	

	
max

	
min

	
max

	
min




	
C. nodosa

	

	

	

	

	




	
Aboveground tissues

	
1335.3

	
52.9

	
40.5

	
105.8

	
80.9




	
Belowground tissues

	
3425.2

	
90.6

	
34.0

	
21.7

	
8.2




	
Total

	
4760.5

	
143.5

	
74.4

	
127.5

	
89.1




	
C. prolifera

	
6236.2

	
279.4

	
187.1

	
1117.5

	
748.3




	
TOTAL MACROPHYTES

	
10,996.7

	
422.8

	
261.5

	
1245.0

	
837.4
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