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Seagrass meadows are disappearing at rates comparable to those reported for mangroves, coral reefs, and tropical rainforests. One of the main causes of their decline is the so-called cultural eutrophication, i.e., the input of abnormal amounts of nutrients derived from human activities. Besides the impact of eutrophication at a local scale, the occurrence of additional stress factors such as global sea warming may create synergisms in detriment of seagrass meadows’ health. In the present study, we aimed to evaluate if plants undergoing chronic cultural eutrophication and plants growing in relatively pristine waters are more (or less) sensitive to heat stress, nutrient load and the combination of both stressors. To address this question, a mesocosm experiment was conducted using Posidonia oceanica collected from two environments with different nutrients load history. Plants were exposed in controlled conditions to high nutrient concentrations, increased temperature and their combination for 5 weeks, to assess the effect of the single stressors and their interaction. Our results revealed that plants experiencing chronic cultural eutrophication (EU) are more sensitive to further exposure to multiple stressors than plants growing in oligotrophic habitats (OL). OL and EU plants showed different morphological traits and physiological performances, which corroborates the role of local pressures in activating different strategies in response to global environmental changes. EU-plants appeared to be weaker during the treatments, showing the greatest percentage of mortality, particularly under increased temperature. Temperature and nutrient treatments showed opposite effects when tested individually and an offset response when combined. The activation of physiological strategies with high energetic expenses to cope with excess of nutrients and other stressors, could affect plants present and future persistence, particularly under eutrophic conditions. Our results represent a step forward in understanding the complex interactions that occur in natural environments. Moreover, unraveling intraspecific strategies and the role of local acclimation/adaptation in response to multiple stressors could be crucial for seagrass conservation strategies under a climate change scenario.
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INTRODUCTION

Seagrasses are important aquatic angiosperms that form meadows of great ecological and economic value for marine and global ecosystems. The productivity of seagrass meadows and their ability to capture carbon are comparable to those of terrestrial forests (Fourqurean et al., 2012). These macrophytes are considered ecosystem engineers due to their habitat-forming capacity, providing food and shelter for a range of organisms such as finfish, shellfish, waterfowl, and herbivorous mammals (Boudouresque et al., 2009). There is strong evidence that seagrasses are disappearing at rates comparable to those reported for mangroves, coral reefs, and tropical rainforests (Waycott et al., 2009). Such decline has been reported worldwide especially in populations occurring in sheltered embayments and lagoons, where water recirculation is low and prone to nutrient loading from neighboring human population, the so-called “cultural eutrophication” (Touchette and Burkholder, 2000). Besides the impact of local anthropic pressures such as cultural eutrophication, additional global stressors (e.g., sea warming) may generate synergisms, thus increasing loss rate of these precious ecosystems (Lloret et al., 2008). However, little is known about the potential interplay between multiple sources of stress and the response that meadows growing in different environmental conditions may have.

Eutrophication or over-enrichment of nitrogen and phosphorus in the water column has several indirect and direct effects on the physiology of seagrasses (Unsworth et al., 2015; Ceccherelli et al., 2018). Excessive inorganic nitrogen (Ni, as NO3– and NH4+) concentrations can indirectly inhibit seagrass growth and survival by reducing light availability due to stimulation of phytoplankton, macroalgae and epiphytic algae overgrowth (Touchette and Burkholder, 2000). Additionally, Ni enrichment can directly affect growth in several seagrass species by altering their cellular function and generating a negative physiological response (Burkholder et al., 2007). Some studies suggest that feedback inhibitory mechanisms for Ni uptake are missing in seagrasses as a result of an evolutionary adaptation to oligotrophic habitats (Burkholder et al., 1992; Touchette and Burkholder, 2000). Thus, as observed in the eelgrass Zostera marina (Burkholder et al., 1992), plants continuously uptake Ni even during dark periods, when surrounding water is rich in nitrate. This uncontrolled uptake of Ni generates metabolic imbalances because N assimilation is a highly energy-demanding process (Touchette et al., 2003). The toxic effect of ammonium addition was observed to be stronger during winter in Zostera noltii (Brun et al., 2002), suggesting interactions between different environmental drivers. In the latter, the addition of NH4+ implied a mobilization of non-structural carbohydrates accompanied by a reduction in growth. Nitrate can be stored in vacuoles or reduced in the cytosol to nitrite and subsequently in the chloroplast to ammonium, which is then converted to glutamine (Touchette and Burkholder, 2000). The tissue content of carbon and nitrogen has provided good indication of the nutritional status of seagrasses, integrating the long-term nutrient exposure history of plants (Lee et al., 2004). Variations in N content can arise from specific environmental conditions. For instance, Mediterranean Posidonia oceanica growing in high CO2 natural conditions showed a clear up-regulation of nitrate transporter genes, when fertilized with nutrients, suggesting a plastic response of plants for balancing C:N ratio (Ravaglioli et al., 2017). Although the C content shows low variability across species (Duarte, 1990), the rate of change in C:N ratio should shift from high to small as nutrient supply meets the plants’ demands. However, inferences on a particular species should be taken carefully as substantial inter- and intra-specific variation is common (Touchette and Burkholder, 2000).

In addition to eutrophication, global increase of sea temperature also threatens seagrasses. Rapid sea warming is occurring at unprecedented alarming rates due to anthropogenic activities altering climatic conditions worldwide (Francour et al., 1994; Bianchi, 2007; Vargas-Yáñez et al., 2008; Coma et al., 2009; Lejeusne et al., 2010; Marbà et al., 2015). The Intergovernmental Panel on Climate Change (IPCC) predicts a global increase of 2.58°C in mean sea surface temperatures (SST) by the end of the century (IPCC, 2019). In the short term, SST anomalies in the form of heat waves have also been observed, e.g., in 2010/11 in the southeast Indian Ocean, where a heatwave hit the Western Australian coast, experiencing record water temperatures of 2–4°C above long-term averages for about 10 weeks during late summer (Pearce and Feng, 2013; Kendrick et al., 2019). In the Mediterranean Sea, warming due to heatwaves, particularly from late spring/early summer to early autumn, are expected to be stronger, lasting up to a whole month (Diaz-Almela et al., 2007; Hobday et al., 2016; Oliver et al., 2018). For instance, in 2003 the average temperature reached at 1 m depth was 25.6 ± 1.5°C, with a maximum of 28.6°C for the Gulf of Naples (Garrabou et al., 2009). The increasing frequency of those events raised the alarm on their impacts to marine biota, including seagrass meadows. For instance, mortality of P. oceanica has been observed in the Balearic Islands in 2003 and 2006 after summer heatwaves (Díaz-Almela et al., 2009; Marbà and Duarte, 2010). Moderate temperature increase can stimulate biochemical reactions such as photosynthesis and respiration (Olsen et al., 2012; Marín-Guirao et al., 2018), or even promote flowering (Ruiz et al., 2018; Marín-Guirao et al., 2019). However, beyond certain thresholds, thermal stress affects the stability of photosystem II (PSII) reaction centers in the chloroplasts and reduces electron transport rates (York et al., 2013; Marín-Guirao et al., 2016; Repolho et al., 2017; Ruocco et al., 2019a). The acceleration of respiration over photosynthetic rates can also lead to carbon imbalances under heat stress (Collier and Waycott, 2014; Marín-Guirao et al., 2018). In any case, the effect of temperature is highly variable and the specificity of a particular species or population responses will be highly dependent on the natural regimes where plants grow (Collier et al., 2011; Winters et al., 2011; Marín-Guirao et al., 2018).

Interactions between multifactorial environmental conditions are indeed influencing the physiology of marine organisms. However, experiments assessing the interactions between temperature and nutrients are rare due to experimental and budgetary constraints. Some studies on seagrasses demonstrated that synergistic interactions occur when plants are exposed to a combination of stressors, such as osmotic, light, temperature and eutrophication (Touchette and Burkholder, 2000; Collier et al., 2011; Villazán et al., 2013, 2015; Ontoria et al., 2019b). However, the responses were highly specific for the species assessed and varied according to the life stage of the plant. For instance, in Enhalus acoroides seedlings, the effect of interaction between temperature and nutrient enrichment was weak (Artika et al., 2020). On the other hand, an antagonistic interaction was observed in Cymodocea nodosa adult plants, where acidification improved ammonium assimilation and buffered the enhanced respiration promoted by temperature (Egea et al., 2018).

The endemic seagrass P. oceanica forms extensive monospecific meadows on rocky and sandy bottoms, representing one of the most significant benthic species in the Mediterranean Sea (Serra and Mazzuca, 2011). Declines in P. oceanica populations over the last decades have been attributed, among many other causes, to both sea warming and eutrophication (Pergent et al., 1999; Seddon et al., 2000; Ruiz et al., 2001; Pergent-Martini et al., 2006; Díaz-Almela et al., 2009; Marbà and Duarte, 2010; Marbà et al., 2014; Moore et al., 2014; de los Santos et al., 2019). However, the consequences of the combined effect of both stressors on the plant physiology are virtually unknown. A recent microcosm study on P. oceanica examined the interactions between ammonium addition and high temperature (Ontoria et al., 2019a). In this case, synergism between factors caused a decrease of about 70% in photosynthetic performance indicating the harming potential of eventual heat waves in areas exposed to high anthropic pressures. Hence, the presence of meadows in highly impacted and nutrient enriched areas (e.g., the Gulf of Naples, Italy; Cianelli et al., 2012) is cause of concern and raises questions about the physiological strategies eventually adopted to respond to additional stress. For instance, Halophila ovalis plants growing in turbid waters were more sensitive to further shading in respect plants growing in clear waters that were able to decrease shoot density and increase photochemical efficiency (Fv/Fm; Yaakub et al., 2013).

In this study, we aimed to evaluate whether plants undergoing chronic cultural eutrophication and plants from relatively pristine sites are more (or less) sensitive to heat stress, nutrient load and the combination of both stressors. To address this question, a mesocosm experiment was conducted using P. oceanica plants from two environments with different nutrients load history. Plants were exposed in controlled conditions to high nutrient concentrations, increased temperature and their combination for 5 weeks, to assess the effect of single stressors and their interaction. At the end of the exposure period, we analyzed morphological, photo-physiological and biochemical endpoints including the content of C and N to corroborate nutrient uptake.



MATERIALS AND METHODS


Sampling Sites

Fragments of P. oceanica consisting of a horizontal rhizome bearing 10–20 vertical shoots, were collected by SCUBA diving on May 15 – 16th 2019, from shallow-water meadows (7–9 m depth) from two locations with different history of nutrient loads, located at 8 nautical miles apart (Figure 1A). Plants were collected from a meadow in the vicinity of Spiaggia del Poggio (Bacoli) in the Gulf of Pozzuoli (Italy, 40°47.930′ N; 14°05.141′ E) and from a meadow in the surrounding area of Castello Aragonese in the Island of Ischia (Italy, 40°44.114′ N; 13°57.866′ E). Because of their proximity, both locations experienced similar Sea Surface Temperature (SST) regimes. The island of Ischia is a marine protected area since 2007, whereas the Gulf of Pozzuoli is heavily impacted by human activities (Tornero and Ribera d’Alcalà, 2014; Chiarore et al., 2019). The Bacoli sampling site was close to the city of Bacoli and to the one of Baia, an important commercial harbor since Roman age. Sediments in the area of the Bacoli sampling site are classified as sandy with mud being an abundant component (Celia Magno et al., 2012), whereas P. oceanica meadows around Ischia are settled on a “matte,” a dense mixture of rhizomes, roots and accumulated sediment (personal observation). The marine area around Baia/Bacoli is particularly impacted through dense urban settlements, intense maritime traffic and mussel aquaculture (Appolloni et al., 2018). Additionally, along the region of the Gulf of Pozzuoli, untreated or not appropriately depurated sewage discharges are still present (Margiotta et al., 2020). The different exposure to anthropogenic pressures determines the current conditions of P. oceanica meadows at both locations. According to the percentage of N leaf content, a value that integrates the eutrophic status of coastal areas over time (Yang et al., 2018), the site where the Bacoli plants grow appears more eutrophic. The N leaf content value, in fact, was almost twice in Bacoli (%N leaves = 1.89 % ± 0.2; C/N ratio = 16.7 ± 0.9) than in Ischia (%N leaves = 0.97% ± 0.2; C/N ratio = 33.2 ± 2.4) (Supplementary Table 1). The same applies to the sediment pore water that also integrates nutrients value over time. The Bacoli site shows values almost double than the Ischia site (DIN [μM] = 47.9 ± 4.4 in Bacoli, and 26.7 ± 8.9 in Ischia site; PO4– [μM] = 4.3 ± 1.0 in Bacoli, and 2.1 ± 0.4 in Ischia site; Helber et al., unpublished data). Meadows demography also confirms their different ecological status (Buia et al., 2004). Meadow percentage cover is almost 30% higher in Ischia than in Bacoli. Additionally, in the Bacoli site the shoot density (122.6 ± 70.3 number of shoots per m–2) is half than the minimum value defining a “highly disturbed meadow” (see Supplementary Table 1). Rhizomes of Ischia plants were strong and thick, while rhizomes from Bacoli plants were brittle and broke off easily (personal observation). Epiphyte cover on leaves was on average almost 4 times higher in Bacoli compared to Ischia plants (Helber et al., unpublished data). Based on all the above observation, we consider plants collected in Bacoli as more exposed to eutrophic conditions, compared to plants collected in Ischia. Hereafter, we refer to plants collected in Bacoli as relatively eutrophic (EU plants), and plants collected in Ischia as relatively oligotrophic (OL plants). From a genetic point of view, comparative analysis of P. oceanica populations at the two sites using 9 microsatellite markers (SSRs) (Jahnke et al., 2015), revealed they are not fully distinct, sharing most of the alleles (FST: 0.092) and possess a very similar genotypic richness (Ischia, R = 0.30; Bacoli, R = 0.37) (data not shown).
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FIGURE 1. (A) Sampling area for OL (oligotrophic) and EU (eutrophic) plants in the Tyrrhenian Sea. (B) Experimental layout of the SZN mesocosms system included three tanks per treatment (C = Control, T = Temperature, N = Nutrients, NT = Nutrients plus Temperature). In each tank, one basket for each EU and OL plants was placed, each basket containing two plant fragments. (C) Experimental timeline showing main events: exposure to high temperature (T; NT) and nutrient additions (N; NT) (see text for more details). Arrows indicate periodical nutrient additions to keep nutrients levels within the selected experimental concentrations.




Experimental Design

After collection in the field, plant material was kept in darkened cooler containers filled with ambient seawater and rapidly transported to the indoor mesocosm facility at Stazione Zoologica Anton Dohrn (SZN, Naples, Italy). A detailed description of the experimental mesocosm system can be found in Ruocco et al. (2019b). Two plant fragments consisting of 15–20 connected shoots for each EU- and OL-plants were individually attached to the bottom of one plastic net basket (base 34 × 24 cm, height 10 cm) filled with coarse sediment. Twelve baskets for each site were arranged randomly in 12 glass aquaria (500 L) filled with natural seawater from a nearby-unpolluted area and following an orthogonal experimental design (Figure 1B). In this way, plants from both locations were placed in the same tank and in triplicates per experimental treatment/condition. The four treatments were: Control (C), Temperature (T), Nutrients (N) and Nutrients plus Temperature (NT). Stressful environmental factors for our experiment were set according to previous mesocosm experiments and environmental features of sampling sites. Experimental temperature level was selected from the SST data recordings obtained from a MEDA (Monitoring and Environmental Data Unit) type buoy placed in Bagnoli, Gulf of Naples (IRM, RIMAR department, SZN) about three miles far from the sampling site, within the Gulf of Pozzuoli. In years 2017 and 2018, the maximum temperatures reached in August were 30 and 28°C, respectively, whereas the average temperatures measured for the same month were 24.6°C in 2017 and 25.3°C in 2018 (Supplementary Figure 1). Thus, it was decided to expose seagrasses to a temperature of 30°C, which is 4–5 degrees above the seasonal average, a sub-lethal temperature level for the species in the mid-term (Traboni et al., 2018). There was an initial pre-acclimation (1 week) into the mesocosms under the environmental conditions found at the time of plant collection (21°C). Then temperature was gradually increased (0.5°C day–1) in all tanks to reach the experimental control temperature of 24°C, at warming rates naturally occurring in late spring/early summer according to MEDA recordings. Plants were allowed to acclimate to the new temperature for an additional week. Then, in T treatment tanks, temperature was gradually increased (0.5°C day–1) until reaching 30°C in a 2-week period (Figure 1C). Light was provided by two LED lamps (max. noon irradiance = ca. 400 μmol photons m–2 s–1 above the canopy; 14:10 h light:dark photoperiod) in accordance to the natural levels measured in the field during plant sampling; for a detailed description of the LED system and settings see Ruocco et al. (2019b). Seawater was circulated using a 10,000 l/h self-priming pump, allowing continuous seawater circulation and filtration as well as a continuous replacement of water in the system. Additionally, within each aquarium, incoming seawater was spread through a diffuser in order to favor water mixing and to create a homogenous movement of water. Temperature in aquaria was controlled and maintained by cooler/heaters (Teko TK 2000). Salinity was measured daily in each aquarium using a WTW Cond 3310 portable conductivity meter and kept constant (within the range 37.3–37.7) by adding freshwater to compensate for evaporation. Aquaria were cleaned every week, and a 50% (filtered 45 μm and UV irradiated) seawater was also renewed to maintain seawater quality in the system.

According to the literature, NO3–, PO4–3 and NH4+ levels follow different trends among seagrass meadows with low concentrations at canopy level (0.1 – 4 μM) and higher concentration into sediments, where NH4+ can also reach 180 μM (Touchette and Burkholder, 2000, 2002). Dynamics of nutrient concentration in our mesocosm system and frequency of nutrient addition was previously determined in a trial, where nutrient concentration was observed to decrease starting 3 days from the initial spike (data not shown). Hence, we decided to add nutrients weekly, to maintain the value almost constant during the experiment (Figure 1). To avoid a sudden increase, the stock solution (170 mM total nitrogen) was added during two consecutive days at the beginning of each week, for a 5-week experimental period (Figure 1). We aimed to reach a nominal nutrient concentration of 100 μM (total nitrogen) in the nutrient treatment tanks. Since nutrient concentration was assessed in the tanks at the end of each week, measured values reflected the weekly nutrient consumption in the experimental system. The stock nutrient solution was prepared using Osmocote® Pro (6 months release: 19% N – 3.9% P – 8.3% K, ICL Specialty Fertilizers) fertilizer pellets (Ravaglioli et al., 2017, 2018). Water analysis of dissolved organic nitrogen (DIN) confirmed nutrient enrichment in N and NT treatments (26.8 ± 4.0 μM) and normal levels in C ant T (1.7 ± 1.1 μM). According to the European Environmental Agency for the Mediterranean Sea, total nitrogen levels lower than 2.28 μM are considered “low” (class boundaries concentration is determined by the 80/20 percentiles of the DIN dataset for the years 2007 to 2012), while values higher than 26.0 μM are considered “high” and are indicative of eutrophic waters1.



Plant Traits

Plant samples for biochemical analysis were collected at the end of 5 weeks and photo-physiology measurements were performed every week to assess the status of plants. In order to reduce within-shoot and within-leaf variability of P. oceanica responses to warming (Ruocco et al., 2019a), parameters were measured in the middle portion of young fully developed leaves (second- and third-rank leaves). The aquarium was our true experimental unit, hence measurements performed on shoots of the same aquarium (i.e., ‘pseudoreplicates’) were averaged to obtain an independent replicated value. Therefore, the number of replicates used in all statistical tests was n = 3.


Carbon and Nitrogen Content

The leaf total carbon and nitrogen content was measured on a 6-cm segment collected starting 14 cm above the ligule of the third-rank leaf of four randomly sampled shoots per treatment. The analysis was carried out on epiphyte-free dried and homogenized tissue using an automatic elemental analyser FlashEA 1112 (Thermo Fisher Scientific, Waltham, MA, United States). Acetanilide was used as standard. Carbon and nitrogen content were expressed as a percentage of dry weight and the values were used to calculate the C:N ratio.



Photochemical Efficiency and Chlorophyll Content

Photochemical efficiency was estimated on the basal healthy and epiphytes-free part of leaves (10–15 cm from ligule) of the same shoots selected for morphological and physiological analysis. Chlorophyll a fluorescence measurements were conducted with a diving-PAM portable fluorometer (Walz, Germany). Rapid light curves (RLC) were performed after 4 h of illumination to calculate maximum electron transport rates (ETRm) as an estimate of photosynthetic efficiency. During RLC, a saturation pulse was applied after 20 s incubation at increasing irradiance levels to determine the basal (F) and maximal light-adapted fluorescence (Fm′). These parameters allowed for the calculation of the effective quantum yield (Y). Relative electron transport rate (rETR) at each irradiance level of RLC was calculated according to the formula: rETR = Y × Ei × 0.84 × 0.5 (Beer et al., 2014), where Y is the effective quantum yield in the light-adapted state, Ei is the incident irradiance (μmol photons m–2 s–1), 0.84 is the default average light absorptance of leaves (Ralph et al., 1998) and 0.5 is the fraction of photons absorbed by PSII in plants (Beer et al., 2014). rETR data (μmol electrons m–2 s–1) were plotted against incident irradiance and the resulting curve was fitted to the model described by Eilers and Peeters (1988) to obtain ETRm values.

Following light-adapted chlorophyll a fluorescence measurements, selected leaves were immediately frozen at −80°C for subsequent pigment analysis. Leaf segments (1 cm2) were homogenized using 80% acetone solution buffered with MgCO3 to prevent acidification of the extract. Then, extracts were stored in the dark at 4°C for 24 h and finally centrifuged (1000 g for 10 min at 4°C). The absorbance of extracted pigments was read spectrophotometrically at 470 nm, 646 nm, 663 nm and 725 nm, using 3 mL quartz cuvettes. Total chlorophyll content (chlorophyll a and b concentrations) was calculated using the equations described by Lichtenthaler and Wellburn (1983) and expressed as μg cm–2.



Leaf Morphology and Relative Growth Rate

Morphometric measurements (leaf length and width) were performed on the same shoots used for photo-physiological analyses and carbon/nitrogen content, using a ruler. The necrotic surface area of leaves was measured considering the portion of leaves with necrotic marks for each shoot and reported as percentage. The remaining surface of healthy tissue was measured and estimated as total photosynthetic surface (TPS, cm2 shoot–1). Two weeks before the end of the experiment, five randomly selected shoots from both EU and OL were marked using the method described by Zieman (1974), i.e., piercing the boundary limit between the leaf and the ligule with a fine needle. Shoots were collected at the end of the experiment to calculate the leaf area of newly growth tissue. Relative growth rate (RGR) was estimated by the ratio between the newly produced leaf area (width × length) and the initial area measured before marking (cm2 cm–2 day–1).



Carbohydrate Content

The content of carbohydrates was analyzed in leaf and rhizome tissues following the method described by Dubois et al. (1951). A portion of 6 cm from the third leaf (epiphytes removed) and a 3 cm of clean rhizome apex were collected from all treatments and plants locations (EU and OL). Leaf and rhizome samples were dried at 50°C for 24 h and the extraction of soluble sugars and starch was performed using a phenol-sulphuric acid reaction. Soluble sugars (sucrose, fructose and glucose) were suspended from 50 mg of the ground tissue using subsequently heated 80% ethanol reactions (80°C for 15 min). Samples were centrifuged (3000 rpm for 10 min) and then soluble sugars were extracted from the supernatant using 3% phenol and sulfuric acid. The absorbance of extract was read spectrophotometrically at 750 nm and 490 nm using a 1 mL quartz-glass cuvette. The analysis of starch content was performed adding 3 mL of NaOH to the remaining solid pellet after the extraction of soluble sugars and stored at 4°C for 24 h. Total non-structural carbohydrates (TNC) were calculated according to Sørensen et al. (2018) and expressed on a dry weight basis (mg g–1 DW).



Plant mortality

Plant mortality was assessed as change in shoot number between the beginning (T1) and the end (T4) of the experiment. All shoots were counted and the net change in shoot number was calculated for OL and EU. For graphical representation, average shoot number of the three replicates/treatment was considered and expressed as percentage.



Statistical Analysis

Morphological data (TPS, necrotic area), physiological data (carbon and nitrogen content, photochemical efficiency and chlorophyll content, carbohydrate content), relative growth rate and the shoot mortality were analysed with 3-way analysis of variance (ANOVA) to detect significant differences between the responses of EU and OL plants to experimental treatments (see Supplementary Table 2). The model included plants (P, with two levels: EU and OL), temperature (T, with two levels: control and high) and nutrients (N, with two levels: control and high) as fixed factors. When significant differences were found for the factor plants, EU and OL plants were analyzed individually with 2-way ANOVA. In this case, the model was similar to the previous one, including temperature and nutrient as fixed factors (Table 1).


TABLE 1. Results of two-way ANOVA analysis in OL and EU for factors “Nutrients” (N) and “Temperature” (T) for nitrogen content (%N), carbon and nitrogen ratio (C:N Ratio), Total chlorophyll, maximum electron transport rate (ETRm), total non-structural carbohydrates in leaf (TNC leaf) and rhizome (TNC rhizome), % necrotic surface, total photosynthetic surface, relative growth rate and shoot mortality.

[image: Table 1]Before carrying out ANOVA analyses, normality and homoscedasticity were checked using the Shapiro–Wilk and Levene’s tests and data subsequently transformed where necessary. Student-Newman-Keuls (SNK) post hoc test was used whenever significant differences (P < 0.05) among treatments were detected using the statistical package STATISTICA (StatSoft, Inc., v. 10). All variables measured for EU and OL were plotted in a Principal Component Analysis (PCA) to analyze differences in similarity patterns among treatments and plants with the software PAST v.3.03 (Hammer et al., 2001). A correlation matrix was performed to standardize measurement scales of different variables.



RESULTS


Carbon and Nitrogen Content and Ratio

Leaf nitrogen content was significantly higher in treatments with addition of nutrients (N and the combined NT) compared to control (C) and high temperature (T) treatment in both EU and OL (P < 0.01) (Figure 2A and Table 1). In contrast, carbon content was similar among treatments. Post hoc comparisons indicated significant differences in leaf nitrogen content among treatments, where NT (2.84%) and N (2.37%) were significantly greater than C in EU (NT vs. N, P < 0.05), but not in T treatment, which was similar to C conditions in both plant groups (T vs. C, P > 0.05). This variability in terms of nitrogen content was reflected in the Carbon:Nitrogen (C:N) ratio (Figure 2B). C:N ratio decreased with the increase of nitrogen in treatments enriched with nutrients (−70% in N and −45% in NT). This pattern was similar for EU and OL, although EU showed a lower C:N ratio under NT treatment (12%) compared to OL (15%; P < 0.01). In the latter, C:N ratio in the NT treatment was similar to the N treatment.
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FIGURE 2. (A) Nitrogen content measured in OL (oligotrophic) and EU (eutrophic) plants and (B) C:N ratio after 5 weeks of nutrient (N), temperature (T) and their combination (NT) exposure. Asterisks indicate differences between OL and EU plants (ANOVA 3-way); (+) indicates experimental factors significantly affecting the response variable (2-way ANOVA). Different lowercase letters indicate the groups of homogeneous means obtained in the post hoc (P < 0.05).




Photochemical Efficiency and Chlorophyll Content

The maximum electron transport rate (ETRm) differed between OL and EU plants (3-way ANOVA; Supplementary Table 2). ETRm was higher in EU than in OL plants (35.3 ± 2.2 vs. 24 ± 1.9 μmol electrons m–2 s–1; P < 0.01) (Figure 3A). In both OL and EU plants, photochemical efficiency decreased in N and NT treatments compared to controls (N vs. C −23%, NT vs. C −14% in EU; N vs. C −48%, NT vs. C −24% in OL), whereas the presence of high temperature alone did not influence photosynthetic performances. Total chlorophyll (Chl a + Chl b) content was significantly higher in EU than OL (+12%; P < 0.05). In contrast to OL plants, which maintained constant chlorophyll levels in all treatments, EU plants increased their content under nutrient addition (N, +30%) and temperature increases (T, +9%), whereas NT treatments showed similar levels to controls (Figure 3A).
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FIGURE 3. Endpoints measured in OL (oligotrophic) and EU (eutrophic) plants after 5 weeks of the exposure to high temperature and nutrient enrichment. (A) Chlorophyll content and maximum electron transport rate (ETRm); (B) Necrotic area and photosynthetic surface; (C) Total non-structural carbohydrates (TNC) measured in leaves and rhizomes; (D) Relative growth rate. Asterisks indicate differences between OL and EU plants (ANOVA 3-way); (+) indicates factors where significant differences were found between levels of factor after ANOVA 2-way and post hoc test. Different lowercase letters indicate the groups of homogeneous means obtained in the post hoc (P < 0.05).




Morphology and Relative Growth Rate

The highest percentages of necrotic area was recorded in treatments enriched with nutrients (i.e., N and NT) in both OL (33 and 27%, respectively) and EU plants (28 and 32%, respectively; P < 0.01) (Figure 3B). In contrast, the percentage of necrosis was lower in OL plants under T treatment, in respect to the control (−14%; P < 0.01). Total photosynthetic surface (TPS) measured in OL displayed an inverted pattern in respect to necrotic area, whereas EU followed a different trend especially for T and NT treatments, where total photosynthetic surface remained similar to control conditions even if necrosis increased (+23 and +13%, respectively; Figure 3B). The relative growth rate (RGR) showed a decrease under N (−58%) and T (−30%) in OL plants, although not statistically significant. Growth was affected by the combined treatment (NT) only in EU plants (Table 1), even if the post hoc comparison was not significant. Statistical analysis revealed no significant differences between plants and treatments (Figure 3D and Supplementary Table 2).



Carbohydrate Content

Total non-structural carbohydrates (TNC) in leaves showed a different pattern compared to rhizomes (Figure 3C). In leaves, TNC measured from OL plants decreased in the N (−32%) as well as in the NT treatment (−24%) compared to control (P < 0.01). In contrast, TNC decreased in EU plants for all treatments especially under N treatment (−70 %). At rhizome level, EU plants showed the greatest reduction in N treatment (−38%) followed by NT (−10%) (Table 1). This is in contrast with OL plants, where no clear trend was observed. TNC were higher in rhizomes compared to leaves in both OL and EU plants (+29 and +45%, respectively).



Shoot Mortality

The net change in shoots measured in EU and OL plants significantly changed during the experiment (P < 0.01, 3-way ANOVA; Figure 4 and Table 1). Temperature was the main factor that affected shoot mortality along the experiment (P < 0.05). The highest mortality (−41.6%) was observed in EU plants under high temperature conditions (T treatment), followed by NT (−27.9%) and N (−23%). OL plants showed an overall lower mortality. As for EU plants, T induced the highest mortality (−15.7%), followed by NT (−15.6%) and N (−7%). Along the experiment, the highest mortality was observed between T2 and T4 (Supplementary Figure 2).


[image: image]

FIGURE 4. Shoot mortality measured as percentage comparing the mortality between the beginning (T1) and the end of the experiment (T4) in OL and EU plants exposed to nutrient (N), temperature (T) and their combination (NT). Asterisks indicate differences between OL and EU plants (ANOVA 3-way); (+) indicates factors where significant differences were found between levels of factor after ANOVA 2-way and post hoc test. Different lowercase letters indicate the groups of homogeneous means obtained in the post hoc (P < 0.05).




Principal Component Analysis

Considering EU plants, the first PCA axis (PC1), which explains 43.5% of the total variance, clearly placed treatments where nutrients were involved (N and NT) on the negative side of the axis, away from control (C) and temperature (T) treatments that are on the positive side (Figure 5A). The second axis (PC2; 25.6% of total variance) segregated nutrient treatment from the combined stress treatment, being positively related with TNC measured in the rhizome and negatively related with the total chlorophylls. The PCA performed on OL plants (Figure 5B) showed a different distribution pattern compared to EU plants. The first axis (PC1; 40.8% of total variance) clearly separates temperature from control and the combined treatment. This axis was negatively related with N content (%N) and positively related with TNC measured in the leaf. The second axis (PC2; 20.1% of total variance) segregated nutrient treatment from the combined one even if in this case treatments appeared more widely distributed, with a positive relation with ETRm and a negative relation with TNC measured in the rhizome.
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FIGURE 5. Principal Component Analysis (PCA) performed on (A) EU (eutrophic) and (B) OL (oligotrophic) plants at the end of the experiment considering all variables: nitrogen content (%N), carbon and nitrogen ratio (C:N), total chlorophyll, maximum electron transport rate (ETRm), total non-structural carbohydrates in leaf (TNC leaf) and rhizome (TNC rhizome), % necrotic area, total photosynthetic surface (TPS) and relative growth rate (RGR). Different colored circles and symbols refer to different treatments (• = Control; ▲ = Nutrients; ■ = Temperature; ◆ = Nutrients + Temperature).




DISCUSSION

Being sessile organisms, seagrasses must cope with possible changes of local environmental conditions, modifying their morphological and mechanical traits, diverting energy for the maintenance of photosynthesis and changing their physiological traits (La Nafie et al., 2012, 2013; de los Santos et al., 2013; Marín-Guirao et al., 2016; Roca et al., 2016). Our results revealed that plants undergoing chronic cultural eutrophication (EU) are more sensitive to a further increase of nutrients, particularly when in presence of a temperature increase, than plants growing in oligotrophic water conditions (OL). OL and EU plants showed different morphological and physiological performances, which corroborates the role of local conditions in activating different strategies in response to environmental changes.

We also found that temperature and nutrient treatments showed opposite effects when tested individually and an offset response when combined (Figure 6). We found antagonistic interactions resulting from the combination of chronic nutrient increase and temperature rise for chlorophyll content and total non-structural carbohydrates in rhizomes, only in plants growing in eutrophic conditions. Intraspecific variations in terms of resistance and performance are widely documented in seagrasses (e.g., Dattolo et al., 2014; Sandoval-Gil et al., 2014; Zhang et al., 2014; Marín-Guirao et al., 2016; Procaccini et al., 2017; Beca-Carretero et al., 2019; Tuya et al., 2019) The differential responses showed in our study further confirm that P. oceanica can have different levels of plasticity in response to changes of environmental conditions. According to our results, plants from nutrient enriched conditions, which are very fragile and break off easily, may be at higher risk, compared to plants from more oligotrophic conditions. It has also been observed by studies on Z. noltei that nutrient enrichment is able to reduce the strength of leaves (La Nafie et al., 2012). Although plants undergoing a particular stress factor could acclimate to the environment or even improve their resistance to a subsequent unfavorable pressure (Alexieva et al., 2003), individuals growing under cultural eutrophication conditions could already be at the limit of their biological capacity. Thus, the high energetic costs for nutrient excess acclimation might have compromised their tolerance to a further nutrient enrichment and to thermal stress. OL plants showed higher C:N values than EU plants, suggesting the presence of specific nutrient-balancing strategies, that may be related to the different nutrient levels chronically experienced by two populations in natural conditions. The activation of contrasting acclimation mechanisms to face high nutrient loads has been already demonstrated in P. oceanica exposed to chronic or pulse enrichments in a long-term field experiment (Ruocco et al., 2018). In our experiment, plants living in eutrophic conditions (EU plants) treated with high nutrient concentrations, regardless of temperature, increased the percentage of nitrogen content followed by a decrease of TNC reserves in leaves and rhizomes. A similar response was observed in OL plants, but only for leaves. The reduction of carbohydrate reserves is thought to be related to the assimilation of NH4+, which needs C skeletons to create new amino acids, an energetically costly process (Alcoverro et al., 2000). This strategy is more evident in EU plants, where TNC in rhizomes were higher than in leaves, suggesting translocation processes as a response to nutrient enrichment. A possible explanation for the observed TNC reduction only in leaves of OL plants, could be the lack of an active mechanism to cope with nutrient excess due to their low natural nutrient exposure. From a different perspective, since carbohydrate reserves allow P. oceanica to maintain leaf growth and to assimilate C and N from the environment (Invers et al., 2004), the absence of carbohydrate reallocation could also be considered as an alternative strategy: as OL plants appeared healthier than the EU ones and their rhizome stronger, probably OL plants reduced carbon reserves in the leaves to cope with nutrient excess, maintaining constant reserves at rhizome level. In contrast, EU rhizomes were weaker due to chronic cultural eutrophication at their natural environment and used more carbohydrates to deal with nutrient assimilation.
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FIGURE 6. Summary of the overall physiological responses of P. oceanica from oligotrophic (OL) and eutrophic (EU) environments to nutrient excess, temperature increase and their combination. Signs (+, −, =) reflect statistical significance and direction of the difference in respect to the control.


Carbohydrate reserves in temperate species are fundamental for survival under low-light conditions, especially during winter (Alcoverro et al., 2001; Soissons et al., 2018). A proportion of the carbohydrates used to produce amino acids during nutrient assimilation will certainly go to the production of other compounds such as chlorophylls. In EU plants under only nutrient treatment, total chlorophyll content increased significantly compared to control and the combined treatment, suggesting that the accumulated amino acids, such as glutamate, were used toward the production of chlorophyll molecules. Similar effects have been reported for seagrasses under low pH conditions and nutrient additions, where the presence of nutrients implied higher concentrations of chlorophylls compared to control (Roca et al., 2016; Ravaglioli et al., 2017). The change in chlorophyll concentrations was not observed in OL plants, indicating once again the lack of response compared to EU plants, which may produce more chlorophylls as a strategy to capture more light in eutrophic (reduced) light environments. Despite a greater concentration of chlorophylls due to the increased nutrient treatment, the photochemical performance (ETRm) decreased in both EU and OL plants. However, as suggested above, the reduction in light availability may be responsible for this effect, as PSII modulates quickly according to light changes (Beer et al., 2014) and this may not be reflected in biochemical variables. It is important to highlight that ETRm values in EU plants were overall higher than OL plants.

There is evidence that P. oceanica responses to warming vary among plants experiencing different thermal conditions in their natural range and some are able to recover after short-term warming events (Marín-Guirao et al., 2016, 2018). The high temperature treatment in the present study could have been below the thermal tolerance threshold of the sampled individuals, as not many physiological parameters responded to this factor. Optimum growth temperature for this temperate species range from 11.5 to 26°C (Olsen et al., 2012). However, this optimal range probably depends on other co-occurring environmental factors, such as nutrient availability, leaf senescence and nutrient partitioning within plant tissues (Ontoria et al., 2019a). Indeed, photochemical efficiency and carbohydrate reserves of OL plants were not affected by warming in this study. This is in contrast with EU plants, where high temperature led to the reduction of TNC, which reflects the metabolic adjustment of plants accelerating leaf senescence. Different to other parameters measured after 5-week exposure, the shoot mortality under high temperature in EU plants was higher (−41.6%) than OL plants (−15.7%). A possible explanation is that plants exposed to high temperature tried to acclimate to stressful conditions diverting energy for the maintenance of high metabolic rates (Olsen et al., 2012). Thus, plant growth decreased due to high-energy costs (Marín-Guirao et al., 2018). Accordingly, we found lower relative growth rates (RGR) in EU plants and reductions of RGR in nutrient and temperature treatments for OL plants. This is in agreement with previous studies performed on P. oceanica, where shoot survival decreased after exposure to high temperature (Marín-Guirao et al., 2018) and high nutrient (Ceccherelli et al., 2018) concentrations, respectively. While the physiological changes may be subject to a rapid regulation, the observed mortality may indicate that temperature could be a determinant factor in the long-term survival of the whole ramet.

Few multi-factorial experiments have been performed on P. oceanica, including some assessing nutrient (ammonium) input and temperature (Gera et al., 2013; Ontoria et al., 2019a). In these studies, different levels of synergism have been found between stress factors, influencing negatively the survival, photosynthesis and plant growth. In contrast, we found antagonistic interactions resulting from the combination of chronic nutrient increase and temperature rise for pigment content and TNC in EU and for growth in OL. Indeed, both EU and OL plants exposed to the combined stressors showed similar leaf nitrogen contents as plants that were only exposed to increased nutrients, with no change in TNC at rhizome level. This suggests that despite nutrient excess negatively affected plant performance, the simultaneous exposure to increased temperature accelerated metabolic rates to cope with the impact induced by nitrogen assimilation. These results are in agreement with those obtained by Egea et al. (2018) on Cymodocea nodosa plants, where the simultaneous exposure to NH4+ enrichment and the high temperature had an antagonistic response. In contrast, Guerrero-Meseguer et al. (2020), found a synergistic effect of temperature increase in P. oceanica seedlings development when occurring concomitantly with other stressors, such as seed burial and grazing. In our experiment, plants were adversely affected by the combined treatment although the overall evidence showed a less negative effect in comparison to single nutrient and temperature treatments for the physiological parameters. Similarly, in Zostera capensis it was shown that nutrient enrichment and warming had a limited interaction, and that eutrophication was a stronger stressor (Mvungi and Pillay, 2019). It would be interesting to assess if P. oceanica seedlings would show similar response since Artika et al. (2020) found that in E. acoroides seedlings rely more on seed nutrient resources and are less affected by experimental nutrient addition.

Overall, our results suggest that ongoing eutrophic conditions in the Gulf of Pozzuoli are weakening the local P. oceanica meadow, since these plants showed the greatest percentage of mortality, particularly under increased temperature. Our findings do not seem to be a general rule for seagrasses, since Connolly et al. (2018) found the opposite trend in Z. muelleri. In that study, plants growing in more disturbed sites were more resilient to further disturbance, although with a lower genotypic diversity, suggesting a genotypic selection. In our analysis, the two studied meadows are only slightly distinct and did not show differences in genetic or genotypic variability, indicating that factors other than genotypic selection can explain our results. The data we presented indicate that eutrophication is likely inducing severe effects on the local seagrass meadows, which have activated physiological strategies to cope with excess of nutrients. However, the lack of replication of relative EU and OL populations of P. oceanica in our experiment precludes the extrapolation of our findings to other than the studied populations. The strategy adopted by these plants probably implied large energetic costs affecting their present and future persistence. Considering the high level of cultural eutrophication of a large part of the coastlines, and taking into account the predicted increase of SST and heat waves frequency, our results highlight the intraspecific vulnerability to environmental changes of seagrass meadows and the importance of performing studies at a local scale. Unraveling intraspecific strategies and the role of local acclimation/adaptation in the response to multiple stressors could be crucial for seagrass conservation strategies under a climate change scenario (Duarte et al., 2018). It becomes fundamental to perform multi-factorial experiments on seagrass populations from different environments, in order to understand their resilience to future local and global environmental changes and to support management strategies.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

JP, AS-S, LM-G, and GP conceived and designed the experiments. SH performed initial field assessment. MR contributed to the analysis of carbohydrates and assessment of plant morphology. JP and AS-S performed the experiment, all the other analyses and drafted the manuscript, and all authors reviewed it critically.



FUNDING

JP was supported by SZN a Ph.D. fellowship shared with University of Trieste. This work was partially supported by SEA-Stress project, Israeli-Italian Scientific and Technological Cooperation, MAECI (Italy), by the project Marine Hazard, PON03PE_00203_1, Italian Ministry of Education, University and Research (MIUR) and by the project Assemble Plus EU-FP7.



ACKNOWLEDGMENTS

Special thanks are given to: Emanuela Dattolo, Hung Manh Nguyen, and Ludovica Pedicini for their help during the periodical sample collection and the mesocosm system maintenance; Giovanni De Martino for helping in the mesocosm maintenance. We are grateful to the IRM and MAA units of the RIMAR Department (SZN) for the sampling of seagrass ramets and for carbon and nitrogen analyses. We also thank the “Progetto infrastrutturale EMSO-MedIT, data management of the MEDA-A Bagnoli (IRM unit of the RIMAR Department SZN).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2020.564805/full#supplementary-material

Supplementary Figure 1 | Sea surface temperature (SST) data recordings for years 2017 and 2018 obtained from a MEDA (Monitoring and Environmental Data Unit) type buoy placed in Bagnoli, Gulf of Pozzuoli (IRM, RIMAR department, SZN).

Supplementary Figure 2 | Net shoot change measured as percentage of T0 (beginning of the experiment) in OL and EU plants after one (T1), two (T2), three (T3) and five (T4) weeks exposure to nutrient (N), temperature (T) and their combination (NT).


FOOTNOTES

1https://www.eea.europa.eu/data-and-maps/figures/winter-dissolved-inorganic-nitrogen-ammonium


REFERENCES

Alcoverro, T., Manzanera, M., and Romero, J. (2000). Nutrient mass balance of the seagrass Posidonia oceanica: the importance of nutrient retranslocation. Mar. Ecol. Prog. Ser. 194, 13–21. doi: 10.3354/meps194013

Alcoverro, T., Manzanera, M., and Romero, J. (2001). Annual metabolic carbon balance of the seagrass Posidonia oceanica: the importance of carbohydrate reserves. Mar. Ecol. Prog. Ser. 211, 105–116. doi: 10.3354/meps211105

Alexieva, V., Ivanov, S., Sergiev, I., and Karanov, E. (2003). Interaction between stresses. Bulg. J. Plant Physiol. 29, 1–17.

Appolloni, L., Sandulli, R., Vetrano, G., and Russo, G. F. (2018). A new approach to assess marine opportunity costs and monetary values-in-use for spatial planning and conservation; the case study of Gulf of Naples, Mediterranean Sea, Italy. Ocean Coast. Manag. 152, 135–144. doi: 10.1016/j.ocecoaman.2017.11.023

Artika, S. R., Ambo-Rappe, R., Teichberg, M., Moreira-Saporiti, A., and Viana, I. G. (2020). Morphological and physiological responses of Enhalus acoroides seedlings under varying temperature and nutrient treatment. Front. Mar. Sci. 7:325. doi: 10.3389/fmars.2020.00325

Beca-Carretero, P., Guihéneuf, F., Winters, G., and Stengel, D. B. (2019). Depth-induced adjustment of fatty acid and pigment composition suggests high biochemical plasticity in the tropical seagrass Halophila stipulacea. Mar. Ecol. Prog. Ser. 608, 105–117. doi: 10.3354/meps12816

Beer, S., Björk, M., and Beardall, J. (2014). Photosynthesis in the Marine Environment, 1st Edn, Hoboken, NJ: John Wiley & Sons Ltd.

Bianchi, C. N. (2007). Biodiversity issues for the forthcoming tropical Mediterranean Sea. Hydrobiologia 580:7. doi: 10.1007/s10750-006-0469-5

Boudouresque, C. F., Bernard, G., Pergent, G., Shili, A., and Verlaque, M. (2009). Regression of Mediterranean seagrasses caused by natural processes and anthropogenic disturbances and stress: a critical review. Bot. Mar. 52, 395–418. doi: 10.1515/BOT.2009.057

Brun, F. G., Hernández, I., Vergara, J. J., Peralta, G., and Pérez-Lloréns, J. L. (2002). Assessing the toxicity of ammonium pulses to the survival and growth of Zostera noltii. Mar. Ecol. Prog. Ser. 225, 177–187. doi: 10.3354/meps225177

Buia, M. C., Gambi, M. C., and Dappiano, M. (2004). “Seagrass systems,” in Mediterranean Marine Benthos: A Manual for its Sampling and Study, Biologia Marina Mediterranea, Vol. 11, eds M. C. Gambi and M. Dappiano (Cambridge, MA: Academic Press), 133–183.

Burkholder, J. M., Mason, K. M., and Glasgow, H. B. (1992). Water-column nitrate enrichment promotes decline of eelgrass Zostera marina: evidence from seasonal mesocosm experiments. Mar. Ecol. Prog. Ser. 81, 163–178. doi: 10.3354/meps081163

Burkholder, J. M., Tomasko, D. A., and Touchette, B. W. (2007). Seagrasses and eutrophication. J. Exp. Mar. Bio. Ecol. 350, 46–72. doi: 10.1016/j.jembe.2007.06.024

Ceccherelli, G., Oliva, S., Pinna, S., Piazzi, L., Procaccini, G., Marin-Guirao, L., et al. (2018). Seagrass collapse due to synergistic stressors is not anticipated by phenological changes. Oecologia 186, 1137–1152. doi: 10.1007/s00442-018-4075-9

Celia Magno, M., Bergamin, L., Finoia, M. G., Pierfranceschi, G., Venti, F., and Romano, E. (2012). Correlation between textural characteristics of marine sediments and benthic foraminifera in highly anthropogenically-altered coastal areas. Mar. Geol. 315–318, 143–161. doi: 10.1016/j.margeo.2012.04.002

Chiarore, A., Bertocci, I., Fioretti, S., Meccariello, A., Saccone, G., Crocetta, F., et al. (2019). Syntopic Cystoseira taxa support different molluscan assemblages in the Gulf of Naples (southern Tyrrhenian Sea). Mar. Freshw. Res. 70, 1561–1575. doi: 10.1071/mf18455

Cianelli, D., Uttieri, M., Buonocore, B., Falco, P., Zambardino, G., and Zambianchi, E. (2012). “Dynamics of a very special Mediterranean coastal area: the Gulf of Naples,” in Mediterranean Ecosystems: Dynamics, Management & Conservation, ed. G. S. Williams (Hauppauge, NY: Nova Science Publishers), 129–150.

Collier, C. J., Uthicke, S., and Waycott, M. (2011). Thermal tolerance of two seagrass species at contrasting light levels: implications for future distribution in the Great Barrier Reef. Limnol. Oceanogr. 56, 2200–2210. doi: 10.4319/lo.2011.56.6.2200

Collier, C. J., and Waycott, M. (2014). Temperature extremes reduce seagrass growth and induce mortality. Mar. Pollut. Bull. 83, 483–490. doi: 10.1016/j.marpolbul.2014.03.050

Coma, R., Ribes, M., Serrano, E., Jiménez, E., Salat, J., and Pascual, J. (2009). Global warming-enhanced stratification and mass mortality events in the Mediterranean. Proc. Natl. Acad. Sci. U.S.A. 106, 6176–6181. doi: 10.1073/pnas.0805801106

Connolly, R. M., Smith, T. M., Maxwell, P. S., Olds, A. D., Macreadie, P. I., and Sherman, C. D. H. (2018). Highly disturbed populations of seagrass show increased resilience but lower genotypic diversity. Front. Plant Sci. 9:894. doi: 10.3389/fpls.2018.00894

Dattolo, E., Ruocco, M., Brunet, C., Lorenti, M., Lauritano, C., D’Esposito, D., et al. (2014). Response of the seagrass Posidonia oceanica to different light environments: insights from a combined molecular and photo-physiological study. Mar. Environ. Res. 101, 225–236. doi: 10.1016/j.marenvres.2014.07.010

de los Santos, C. B., Brun, F. G., Vergara, J. J., and Pérez-Lloréns, J. L. (2013). New aspect in seagrass acclimation: leaf mechanical properties vary spatially and seasonally in the temperate species Cymodocea nodosa Ucria (Ascherson). Mar. Biol. 160, 1083–1093. doi: 10.1007/s00227-012-2159-3

de los Santos, C. B., Krause-Jensen, D., Alcoverro, T., Marbà, N., Duarte, C. M., van Katwijk, M. M., et al. (2019). Recent trend reversal for declining European seagrass meadows. Nat. Commun. 10:3356. doi: 10.1038/s41467-019-11340-4

Diaz-Almela, E., Marbà, N., and Duarte, C. M. (2007). Consequences of Mediterranean warming events in seagrass (Posidonia oceanica) flowering records. Glob. Chang. Biol. 13, 224–235. doi: 10.1111/j.1365-2486.2006.01260.x

Díaz-Almela, E., Marbà, N., Martínez, R., Santiago, R., and Duarte, C. M. (2009). Seasonal dynamics of Posidonia oceanica in Magalluf Bay (Mallorca, Spain): temperature effects on seagrass mortality. Limnol. Oceanogr. 54, 2170–2182. doi: 10.4319/lo.2009.54.6.2170

Duarte, B., Martins, I., Rosa, R., Matos, A. R., Roleda, M. Y., Reusch, T. B. H., et al. (2018). Climate change impacts on seagrass meadows and macroalgal forests: an integrative perspective on acclimation and adaptation potential. Front. Mar. Sci. 5:190. doi: 10.3389/fmars.2020.00190

Duarte, C. M. (1990). Seagrass nutrient content. Mar. Ecol. Prog. Ser. 67, 201–207. doi: 10.3354/meps067201

Dubois, M., Gilles, K., Hamilton, J. K., Rebers, P. A., and Smith, F. (1951). A colorimetric method for the determination of sugars. Nature 168:167. doi: 10.1038/168167a0

Egea, L. G., Jiménez-Ramos, R., Vergara, J. J., Hernández, I., and Brun, F. G. (2018). Interactive effect of temperature, acidification and ammonium enrichment on the seagrass Cymodocea nodosa. Mar. Pollut. Bull. 134, 14–26. doi: 10.1016/j.marpolbul.2018.02.029

Eilers, P. H. C., and Peeters, J. C. H. (1988). A model for the relationship between light intensity and the rate of photosynthesis in phytoplankton. Ecol. Model. 42, 199–215. doi: 10.1016/0304-3800(88)90057-9

Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marbà, N., Holmer, M., Mateo, M. A., et al. (2012). Seagrass ecosystems as a globally significant carbon stock. Nat. Geosci. 5, 505–509. doi: 10.1038/ngeo1477

Francour, P., Boudouresque, C. F., Harmelin, J. G., Harmelin-Vivien, M. L., and Quignard, J. P. (1994). Are the Mediterranean waters becoming warmer? Information from biological indicators. Mar. Pollut. Bull. 28, 523–526. doi: 10.1016/0025-326X(94)90071-X

Garrabou, J., Coma, R., Bensoussan, N., Bally, M., Chevaldonné, P., Cigliano, M., et al. (2009). Mass mortality in Northwestern Mediterranean rocky benthic communities: effects of the 2003 heat wave. Glob. Chang. Biol. 15, 1090–1103. doi: 10.1111/j.1365-2486.2008.01823.x

Gera, A., Pagès, J. F., Romero, J., and Alcoverro, T. (2013). Combined effects of fragmentation and herbivory on Posidonia oceanica seagrass ecosystems. J. Ecol. 101, 1053–1061. doi: 10.1111/1365-2745.12109

Guerrero-Meseguer, L., Marín, A., and Sanz-Lázaro, C. (2020). Heat wave intensity can vary the cumulative effects of multiple environmental stressors on Posidonia oceanica seedlings. Mar. Environ. Res. 159:105001. doi: 10.1016/j.marenvres.2020.105001

Hammer, D. A. T., Ryan, P. D., Hammer, Ø, and Harper, D. A. T. (2001). Past: paleontological statistics software package for education and data analysis. Palaeontol. Electron. 4, 1–9.

Hobday, A. J., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub, S. C., Oliver, E. C. J., et al. (2016). A hierarchical approach to defining marine heatwaves. Prog. Oceanogr. 141, 227–238. doi: 10.1016/j.pocean.2015.12.014

Invers, O., Kraemer, G. P., Pérez, M., and Romero, J. (2004). Effects of nitrogen addition on nitrogen metabolism and carbon reserves in the temperate seagrass Posidonia oceanica. J. Exp. Mar. Bio. Ecol. 303, 97–114. doi: 10.1016/j.jembe.2003.11.005

IPCC (2019). “Technical summary,” in IPCC Special Report on the Ocean and Cryosphere in a Changing Climate, eds H.-O. Pörtner, D. C. Roberts, V. Masson-Delmotte, P. Zhai, E. Poloczanska, K. Mintenbeck, et al. (Geneva: IPCC).

Jahnke, M., Olsen, J. L., and Procaccini, G. (2015). A meta-analysis reveals a positive correlation between genetic diversity metrics and environmental status in the long-lived seagrass Posidonia oceanica. Mol. Ecol. 24, 2336–2348. doi: 10.1111/mec.13174

Kendrick, G. A., Nowicki, R. J., Olsen, Y. S., Strydom, S., Fraser, M. W., Sinclair, E. A., et al. (2019). A systematic review of how multiple stressors from an extreme event drove ecosystem-wide loss of resilience in an iconic seagrass community. Front. Mar. Sci. 6:455. doi: 10.3389/fmars.2020.00455

La Nafie, Y. A., de los Santos, C. B., Brun, F. G., Mashoreng, S., van Katwijk, M. M., and Bouma, T. J. (2013). Biomechanical response of two fast-growing tropical seagrass species subjected to in situ shading and sediment fertilization. J. Exp. Mar. Bio. Ecol. 446, 186–193. doi: 10.1016/j.jembe.2013.05.020

La Nafie, Y. A., de los Santos, C. B., Brun, F. G., van Katwijk, M. M., and Bouma, T. J. (2012). Waves and high nutrient loads jointly decrease survival and separately affect morphological and biomechanical properties in the seagrass Zostera noltii. Limnol. Oceanogr. 57, 1664–1672. doi: 10.4319/lo.2012.57.6.1664

Lee, K.-S., Short, F. T., and Burdick, D. M. (2004). Development of a nutrient pollution indicator using the seagrass, Zostera marina, along nutrient gradients in three New England estuaries. Aquat. Bot. 78, 197–216. doi: 10.1016/j.aquabot.2003.09.010

Lejeusne, C., Chevaldonné, P., Pergent-Martini, C., Boudouresque, C. F., and Pérez, T. (2010). Climate change effects on a miniature ocean: the highly diverse, highly impacted Mediterranean Sea. Trends Ecol. Evol. 25, 250–260. doi: 10.1016/j.tree.2009.10.009

Lichtenthaler, H. K., and Wellburn, A. R. (1983). Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents. Biochem. Soc. Trans. 11, 591–592. doi: 10.1042/bst0110591

Lloret, J., Marín, A., and Marín-Guirao, L. (2008). Is coastal lagoon eutrophication likely to be aggravated by global climate change? Estuar. Coast. Shelf Sci. 78, 403–412. doi: 10.1016/j.ecss.2008.01.003

Marbà, N., Díaz-Almela, E., and Duarte, C. M. (2014). Mediterranean seagrass (Posidonia oceanica) loss between 1842 and 2009. Biol. Conserv. 176, 183–190. doi: 10.1016/j.biocon.2014.05.024

Marbà, N., and Duarte, C. M. (2010). Mediterranean warming triggers seagrass (Posidonia oceanica) shoot mortality. Glob. Chang. Biol. 16, 2366–2375. doi: 10.1111/j.1365-2486.2009.02130.x

Marbà, N., Jorda, G., Agusti, S., Girard, C., and Duarte, C. M. (2015). Footprints of climate change on Mediterranean Sea biota. Front. Mar. Sci. 2:56. doi: 10.3389/fmars.2015.00056

Margiotta, F., Balestra, C., Buondonno, A., Casotti, R., D’Ambra, I., Di Capua, I., et al. (2020). Do plankton reflect the environmental quality status? The case of a post-industrial Mediterranean Bay. Mar. Environ. Res. 160:104980. doi: 10.1016/j.marenvres.2020.104980

Marín-Guirao, L., Bernardeau-Esteller, J., García-Muñoz, R., Ramos, A., Ontoria, Y., Romero, J., et al. (2018). Carbon economy of Mediterranean seagrasses in response to thermal stress. Mar. Pollut. Bull. 135, 617–629. doi: 10.1016/j.marpolbul.2018.07.050

Marín-Guirao, L., Entrambasaguas, L., Ruiz, J. M., and Procaccini, G. (2019). Heat-stress induced flowering can be a potential adaptive response to ocean warming for the iconic seagrass Posidonia oceanica. Mol. Ecol. 28, 2486–2501. doi: 10.1111/mec.15089

Marín-Guirao, L., Ruiz, J. M., Dattolo, E., Garcia-Munoz, R., and Procaccini, G. (2016). Physiological and molecular evidence of differential short-term heat tolerance in Mediterranean seagrasses. Sci. Rep. 6:28615. doi: 10.1038/srep28615

Moore, K. A., Shields, E. C., and Parrish, D. B. (2014). Impacts of varying estuarine temperature and light conditions on Zostera marina (Eelgrass) and its interactions with Ruppia maritima (Widgeongrass). Estuar. Coasts 37, 20–30. doi: 10.1007/s12237-013-9667-9663

Mvungi, E. F., and Pillay, D. (2019). Eutrophication overrides warming as a stressor for a temperate African seagrass (Zostera capensis). PLoS One 14:e0215129. doi: 10.1371/journal.pone.0215129

Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander, L. V., et al. (2018). Longer and more frequent marine heatwaves over the past century. Nat. Commun. 9:1324. doi: 10.1038/s41467-018-03732-3739

Olsen, Y. S., Sánchez-Camacho, M., Marbà, N., and Duarte, C. M. (2012). Mediterranean seagrass growth and demography responses to experimental warming. Estuar. Coasts 35, 1205–1213. doi: 10.1007/s12237-012-9521-z

Ontoria, Y., Cuesta-Gracia, A., Ruiz, J. M., Romero, J., and Pé Rez, M. (2019a). The negative effects of short-term extreme thermal events on the seagrass Posidonia oceanica are exacerbated by ammonium additions. PLoS One 14:e0222798. doi: 10.1371/journal.pone.0222798

Ontoria, Y., Gonzalez-Guedes, E., Sanmartí, N., Bernardeau-Esteller, J., Ruiz, J. M., Romero, J., et al. (2019b). Interactive effects of global warming and eutrophication on a fast-growing Mediterranean seagrass. Mar. Environ. Res. 145, 27–38. doi: 10.1016/j.marenvres.2019.02.002

Pearce, A. F., and Feng, M. (2013). The rise and fall of the “marine heat wave” off Western Australia during the summer of 2010/2011. J. Mar. Syst. 111–112, 139–156. doi: 10.1016/j.jmarsys.2012.10.009

Pergent, G., Mendez, S., Pergent-Martini, C., and Pasqualini, V. (1999). Preliminary data on the impact of fish farming facilities on Posidonia oceanica meadows in the Mediterranean. Oceanol. Acta 22, 95–107. doi: 10.1016/S0399-1784(99)80036-X

Pergent-Martini, C., Boudouresque, C.-F., Pasqualini, V., and Pergent, G. (2006). Impact of fish farming facilities on Posidonia oceanica meadows: a review. Mar. Ecol. 27, 310–319. doi: 10.1111/j.1439-0485.2006.00122.x

Procaccini, G., Ruocco, M., Marín-Guirao, L., Dattolo, E., Brunet, C., D’Esposito, D., et al. (2017). Depth-specific fluctuations of gene expression and protein abundance modulate the photophysiology in the seagrass Posidonia oceanica. Sci. Rep. 7:42890. doi: 10.1038/srep42890

Ralph, P. J., Gademann, R., and Dennison, W. C. (1998). In situ seagrass photosynthesis measured using a submersible, pulse-amplitude modulated fluorometer. Mar. Biol. 132, 367–373. doi: 10.1007/s002270050403

Ravaglioli, C., Capocchi, A., Fontanini, D., Mori, G., Nuccio, C., and Bulleri, F. (2018). Macro-grazer herbivory regulates seagrass response to pulse and press nutrient loading. Mar. Environ. Res. 136, 54–61. doi: 10.1016/j.marenvres.2018.02.019

Ravaglioli, C., Lauritano, C., Buia, M. C., Balestri, E., Capocchi, A., Fontanini, D., et al. (2017). Nutrient loading fosters seagrass productivity under ocean acidification. Sci. Rep. 7:13732. doi: 10.1038/s41598-017-14075-14078

Repolho, T., Duarte, B., Dionísio, G., Paula, J. R., Lopes, A. R., Rosa, I. C., et al. (2017). Seagrass ecophysiological performance under ocean warming and acidification. Sci. Rep. 7:41443. doi: 10.1038/srep41443

Roca, G., Alcoverro, T., Krause-Jensen, D., Balsby, T. J. S., Van Katwijk, M. M., Marbà, N., et al. (2016). Response of seagrass indicators to shifts in environmental stressors: a global review and management synthesis. Ecol. Indic. 63, 310–323. doi: 10.1016/j.ecolind.2015.12.007

Ruiz, J. M., Marín-Guirao, L., García-Muñoz, R., Ramos-Segura, A., Bernardeau-Esteller, J., Pérez, M., et al. (2018). Experimental evidence of warming-induced flowering in the Mediterranean seagrass Posidonia oceanica. Mar. Pollut. Bull. 134, 49–54. doi: 10.1016/j.marpolbul.2017.10.037

Ruiz, J. M., Pérez, M., and Romero, J. (2001). Effects of fish farm loadings on seagrass (Posidonia oceanica) distribution, growth and photosynthesis. Mar. Pollut. Bull. 42, 749–760. doi: 10.1016/S0025-326X(00)00215-210

Ruocco, M., Marín-Guirao, L., and Procaccini, G. (2019a). Within- and among-leaf variations in photo-physiological functions, gene expression and DNA methylation patterns in the large-sized seagrass Posidonia oceanica. Mar. Biol. 166:24. doi: 10.1007/s00227-019-3482-3488

Ruocco, M., De Luca, P., Marín-Guirao, L., and Procaccini, G. (2019b). Differential leaf age-dependent thermal plasticity in the keystone seagrass Posidonia oceanica. Front. Plant Sci. 10:1556. doi: 10.3389/fpls.2019.01556

Ruocco, M., Marín-Guirao, L., Ravaglioli, C., Bulleri, F., and Procaccini, G. (2018). Molecular level responses to chronic versus pulse nutrient loading in the seagrass Posidonia oceanica undergoing herbivore pressure. Oecologia 188, 23–39. doi: 10.1007/s00442-018-4172-9

Sandoval-Gil, J. M., Ruiz, J. M., Marín-Guirao, L., Bernardeau-Esteller, J., and Sánchez-Lizaso, J. L. (2014). Ecophysiological plasticity of shallow and deep populations of the Mediterranean seagrasses Posidonia oceanica and Cymodocea nodosa in response to hypersaline stress. Mar. Environ. Res. 95, 39–61. doi: 10.1016/j.marenvres.2013.12.011

Seddon, S., Connolly, R. M., and Edyvane, K. S. (2000). Large-scale seagrass dieback in northern spencer Gulf, South Australia. Aquat. Bot. 66, 297–310. doi: 10.1016/S0304-3770(99)00080-7

Serra, I. A., and Mazzuca, S. (2011). “Posidonia Oceanica: from ecological status to genetic and proteomic resources,” in Seagrass: Ecology, Uses and Threats, ed. R. S. Pirog (Hauppauge, NJ: Nova Science Publishers, Inc).

Soissons, L. M., van Katwijk, M. M., Peralta, G., Brun, F. G., Cardoso, P. G., Grilo, T. F., et al. (2018). Seasonal and latitudinal variation in seagrass mechanical traits across Europe: the influence of local nutrient status and morphometric plasticity. Limnol. Oceanogr. 63, 37–46. doi: 10.1002/lno.10611

Sørensen, S. T., Campbell, M. L., Duke, E., and Manley-Harris, M. (2018). A standard, analytical protocol for the quantitation of non-structural carbohydrates in seagrasses that permits inter-laboratory comparison. Aquat. Bot. 151, 71–79. doi: 10.1016/j.aquabot.2018.08.006

Tornero, V., and Ribera d’Alcalà, M. (2014). Contamination by hazardous substances in the Gulf of Naples and nearby coastal areas: a review of sources, environmental levels and potential impacts in the MSFD perspective. Sci. Total Environ. 466–467, 820–840. doi: 10.1016/j.scitotenv.2013.06.106

Touchette, B. W., and Burkholder, J. M. (2000). Review of nitrogen and phosphorus metabolism in seagrasses. J. Exp. Mar. Bio. Ecol. 250, 133–167. doi: 10.1016/S0022-0981(00)00195-7

Touchette, B. W., and Burkholder, J. M. (2002). Seasonal variations in carbon and nitrogen constituents in eelgrass (Zostera marina L.) as influenced by increased temperature and water-column nitrate. Bot. Mar. 45, 23–34. doi: 10.1515/BOT.2002.004

Touchette, B. W., Burkholder, J. M., and Glasgow, H. B. (2003). Variations in eelgrass (Zostera marina L.) morphology and internal nutrient composition as influenced by increased temperature and water column nitrate. Estuaries 26, 142–155. doi: 10.1007/BF02691701

Traboni, C., Mammola, S. D., Ruocco, M., Ontoria, Y., Ruiz, J. M., Procaccini, G., et al. (2018). Investigating cellular stress response to heat stress in the seagrass Posidonia oceanica in a global change scenario. Mar. Environ. Res. 141, 12–23. doi: 10.1016/j.marenvres.2018.07.007

Tuya, F., Fernández-Torquemada, Y., Zarcero, J., del Pilar-Ruso, Y., Csenteri, I., Espino, F., et al. (2019). Biogeographical scenarios modulate seagrass resistance to small-scale perturbations. J. Ecol. 107, 1263–1275. doi: 10.1111/1365-2745.13114

Unsworth, R. K. F., Collier, C. J., Waycott, M., Mckenzie, L. J., and Cullen-Unsworth, L. C. (2015). A framework for the resilience of seagrass ecosystems. Mar. Pollut. Bull. 100, 34–46. doi: 10.1016/j.marpolbul.2015.08.016

Vargas-Yáñez, M., Jesús García, M., Salat, J., García-Martínez, M. C., Pascual, J., and Moya, F. (2008). Warming trends and decadal variability in the Western Mediterranean shelf. Glob. Planet. Chang. 63, 177–184. doi: 10.1016/j.gloplacha.2007.09.001

Villazán, B., Pedersen, M., Brun, F., and Vergara, J. J. (2013). Elevated ammonium concentrations and low light form a dangerous synergy for eelgrass Zostera marina. Mar. Ecol. Prog. Ser. 493, 141–154. doi: 10.3354/meps10517

Villazán, B., Salo, T., Brun, F. G., Vergara, J. J., and Pedersen, M. F. (2015). High ammonium availability amplifies the adverse effect of low salinity on eelgrass Zostera marina. Mar. Ecol. Prog. Ser. 536, 149–162. doi: 10.3354/meps11435

Waycott, M., Duarte, C. M., Carruthers, T. J. B., Orth, R. J., Dennison, W. C., Olyarnik, S., et al. (2009). Accelerating loss of seagrasses across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. U.S.A. 106, 12377–12381. doi: 10.1073/pnas.0905620106

Winters, G., Nelle, P., Fricke, B., and Rauch, G. (2011). Effects of a simulated heat wave on photophysiology and gene expression of high- and low-latitude populations of Zostera marina. Mar. Ecol. Prog. Ser. 435, 83–95. doi: 10.3354/meps09213

Yaakub, S. M., Chen, E., Bouma, T. J., Erftemeijer, P. L. A., and Todd, P. A. (2013). Chronic light reduction reduces overall resilience to additional shading stress in the seagrass Halophila ovalis. Mar Pollut Bull. 83, 467–474. doi: 10.1016/j.marpolbul.2013.11.030

Yang, X. Q., Zhang, Q. S., Zhang, D., Feng, J. X., Zhao, W., Liu, Z., et al. (2018). Interaction of high seawater temperature and light intensity on photosynthetic electron transport of eelgrass (Zostera marina L.). Plant Physiol. Biochem. 132, 453–464. doi: 10.1016/j.plaphy.2018.09.032

York, P. H., Gruber, R. K., Hill, R., Ralph, P. J., Booth, D. J., and Macreadie, P. I. (2013). Physiological and morphological responses of the temperate seagrass Zostera muelleri to multiple stressors: investigating the interactive effects of light and temperature. PLoS One 8:e76377. doi: 10.1371/journal.pone.076377

Zhang, J., Huang, X., and Jiang, Z. (2014). Physiological responses of the seagrass Thalassia hemprichii (Ehrenb.) Aschers as indicators of nutrient loading. Mar. Pollut. Bull. 83, 508–515. doi: 10.1016/j.marpolbul.2013.12.056

Zieman, J. C. (1974). Methods for the study of the growth and production of turtle grass, Thalassia testudinum Konig. Aquaculture 4, 139–143. doi: 10.1016/0044-8486(74)90029-5


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Pazzaglia, Santillán-Sarmiento, Helber, Ruocco, Terlizzi, Marín-Guirao and Procaccini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmars-07-564805-t001.jpg
ANOVA 2-WAY

o

Tl oy conert

ol oot st

Roaive grnih o

Hrints )

X1

pr—

N 0
Tompersro
nxr

r—
Tomportro
Xt
Err
Hrints )
Tomporaso
wxr

N 0
Tomporto
Xt

Hrints )
Tomporaso

N 9
Tompertao
Xt

N 9
Tomporso
N 0

T

PPy ST ——— 7

aisgeasguasa

2
om

o7s

o
‘o
0
o
s

o

om0
om

o1
o
210

sa
oo

oo
om

e
o8

22

oo
sos

2
o

oss

g 28§ g:%

g2

sa
o0
a0
w148
1
s
a0

w00z
s
ax
uz
10z
262
815
e
Py
osans
oroes
ooses
aaa0n
oy
2607
e
aseor
rans
Py
2w

ws
oo

o1
1

2
1%

a5
o
o0

1ot
a6

o8
as

s

155

oz
s

1015
sor

o040
oor

o1s

oz

om0
o





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Does Warming Enhance the Effects of Eutrophication in the Seagrass Posidonia oceanica?



		INTRODUCTION



		MATERIALS AND METHODS



		Sampling Sites



		Experimental Design



		Plant Traits



		Carbon and Nitrogen Content



		Photochemical Efficiency and Chlorophyll Content



		Leaf Morphology and Relative Growth Rate



		Carbohydrate Content



		Plant mortality







		Statistical Analysis







		RESULTS



		Carbon and Nitrogen Content and Ratio



		Photochemical Efficiency and Chlorophyll Content



		Morphology and Relative Growth Rate



		Carbohydrate Content



		Shoot Mortality



		Principal Component Analysis







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Marine Science

Does Warming Enhance
the Effects
of Eutrophicationin the Seagrass
Posidonia oceanica?









OPS/images/fmars-07-564805-g006.jpg
OL-plants EU-plants

«Tienb
| «perature

+ = + %N + = +
% = ® C:N - s -

= = Chlorophyll content + *

= - ETRmax - = =
= + S Photosyntheticsurface = = =
= = % Necroticsurface + + +
= - TNCleaf - = -
= = = TNC rhizome - =

Relative growth rate
Shoot mortality





OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-07-564805-g004.jpg
B OL plants
EU plants

T+

o
Q@

Aeyiown J0oys %,

o
5

C N TN C N T NT

Treatment





OPS/images/fmars-07-564805-g005.jpg
L T

PC 1 (% variance 40.8)

PC 1 (% variance 43.5)

il
o e a5 M (9'52 2duemen %) 7 2






OPS/images/fmars-07-564805-g002.jpg
N+

T+

@B OL plants

EU plants

C N T NT

C N T NT

C N T NT

C N T NT

Treatment

Treatment





OPS/images/fmars-07-564805-g003.jpg





OPS/images/fmars-07-564805-g001.jpg
E&] EE
=8

[EEg] &

W (0]
] ]

’
Acclimation 4

Pre- acclimation

12 34 56 7 8 9 10
Weeks





