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Among a suite of abiotic and biotic factors, the hydrodynamic regime strongly influences the success of seagrass recruitment through sexual propagules. Uprooting of propagules by drag forces exerted by currents and waves is one of the main causes for the failed establishment and the consequent recruitment. Substrate type and stability play a key role in determining the success of colonization through sexual propagules, as seedling establishment probabilities proved to be significantly higher on rocky bottoms than on unstable unconsolidated substrates. In this research, the current and wave flow intensity that Posidonia oceanica seedlings anchored to rocky substrates can withstand before uprooting were evaluated and the influence of substrate complexity on seedling anchorage success and anchorage strength was investigated. P. oceanica seedlings withstood the current velocity of 70 cm s–1 and increased orbital flow velocities up to 25 cm s–1. Seedling adhesion strength ranged from 3.92 to 29.42 N. Results of the present study corroborate the hypothesis that substrate complexity at scales relevant to the size of propagules is a crucial feature for P. oceanica seedling establishment. The intensity of unidirectional and oscillatory flow that seedlings can withstand without being dislodged assessed in this study support the hypothesis that P. oceanica sexual propagules, once adhered to a consolidated substrate, are able to tolerate high hydrodynamic stress. The results of the present study contribute to re-evaluation of the habitat requirements of P. oceanica, assessing the range of hydrodynamic conditions that this species can tolerate during the early stages of its life history.
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INTRODUCTION

Spatial distribution and abundance of seagrasses are controlled by a suite of abiotic and biotic factors (Roca et al., 2016). The knowledge of species’ habitat requirements is paramount for establishment of reference conditions for seagrasses presence and survival, for the correct management of the meadows, as well as for the support of restoration strategies (Montefalcone, 2009; Boudouresque et al., 2012).

Posidonia oceanica (L.) Delile is the most important and endemic Mediterranean seagrass, which has faced an alarming decline of its meadows’ extension over the last few decades (Telesca et al., 2015). Gaining a deeper insight into environmental conditions conducive to meadow survival and recovery after disturbance is crucial for the conservation of this valuable habitat.

Traditionally, seagrass ecophysiology has focused on identifying light requirements for meadow persistence, and only recently, the hydrodynamic regime that seagrasses can tolerate has received attention (Koch, 2001; Infantes et al., 2009; Vacchi et al., 2010, 2014). Hydrodynamic stress induced by water movements on submersed aquatic vegetation is thought to set the upper depth limit of meadow distribution (Koch et al., 2006; Infantes et al., 2009; Vacchi et al., 2010), but it can also determine the morphology of P. oceanica beds (Buia et al., 2004; Lasagna et al., 2011).

Recently, substrate type has emerged as a key habitat feature, influencing the hydrodynamic disturbance that P. oceanica can tolerate and hence determining the depth of the meadow upper limit (Infantes et al., 2009; Montefalcone et al., 2016; Ruju et al., 2018). The models aimed at predicting the upper depth limit of P. oceanica were developed on meadows growing on sand and, as such, were not able to predict the landward limit observed on rocky bottoms. Indeed, P. oceanica showed to withstand significantly higher hydrodynamic forcing when settled on rock than on soft bottoms (Montefalcone et al., 2016; Ruju et al., 2018). This pattern was generally ascribed to the potential of the rocky substrate to offer a firm anchorage compared to sand and to the plasticity of the plant root system to adapt to different substrate types (Montefalcone et al., 2016; Ruju et al., 2018).

The hydrodynamic regime not only affects the spatial distribution and arrangement of established seagrass beds but also strongly influences the success of seagrass recruitment through sexual propagules. Uprooting of propagules by drag forces exerted by currents and waves and subsequent displacement to unsuitable sites is one of the main causes for the failed establishment and low survival of seagrass early life history phases (Olesen et al., 2004; Irving et al., 2010; Rivers et al., 2011; Marion and Orth, 2012). Indeed, the mature meadows tolerate higher drag forces than early life phases as mature plants possess a network of rhizome and roots that firmly anchor them to the substrate, while sexual propagules are provided with a limited rooting system and thus are more subjected to displacement by water movements (Koch, 2001; Infantes et al., 2011).

Notably, the majority of the sexual recruitment sites reported in the literature were located at a depth shallower than those of the adjacent meadows, in areas where hydrodynamic stress generated by waves is reasonably higher than that experienced by the mature, deeper meadows.

The ability of seedlings and young plantlets to withstand hydrodynamic forces produced by waves and currents is determined by the strength of their anchorage to the substrate via roots (Infantes et al., 2011; Rivers et al., 2011). Recently, the adhesive properties of root hairs in P. oceanica seedlings have been documented (Alagna et al., 2015, 2020; Badalamenti et al., 2015; Borovec and Vohník, 2018; Guerrero-Meseguer et al., 2018; Zenone et al., 2020a,b). This morpho-physiological trait has been shown to provide an adaptive advantage for early seedling establishment on rocky bottoms. In fact, when reared on consolidated substrates, seedlings reached a strong anchorage via root hair adhesion in a few weeks, while they failed to establish on sand (Alagna et al., 2015).

However, Alagna et al. (2015) provided only an indirect, qualitative estimation of the wave energy that seedlings attached on rocks can withstand before being uprooted. Quantitative measures of the hydrodynamic drag forces in terms of wave and current-induced velocities that seedlings anchored to rocks can tolerate are lacking.

The main objectives of this research were: (i) to quantitatively evaluate the current and wave flow intensity that P. oceanica seedlings anchored to rocky substrates can withstand before uprooting and (ii) to investigate the influence of substrate complexity at the scale of cm and mm on seedling anchorage success and anchorage strength. Our hypothesis was that proper plant–substrate interaction can only take place if the size of grooves, pits, or other substrate irregularities is similar to the size of the plant organs that play a role in propagule dispersal and settlement (i.e., the size of the seed and root and root hair). This interaction might allow the seedling dispersed by water movements (a) to become persistently trapped in centimeters-wide asperities, (b) root hairs to grow if and when micron-wide asperities are present, according to the well-studied adhesion mechanism described in Zenone et al. (2020a,b), and (c) roots to grow inside millimeters-wide irregularities (i.e., substrate grooves) by increasing anchorage strength due to entanglement and friction. Two tests of resistance were performed on seedlings grown on three levels of substrate complexity by (i) exposing seedlings to increasing current and wave flows and (ii) measuring the pulling forces needed to dislodge seedlings. The main predictions were that seedlings grown on substrates with higher complexity would have a higher anchorage rate and higher anchorage strength, offering a greater resistance in all the hydrodynamic and pulling tests.



MATERIALS AND METHODS


Seed Collection

Beach casted fruits of P. oceanica were collected between the 24th of April and the 5th of May 2016, in the Gulf of Carini, along the NW Sicilian coast. Seeds were immediately removed from fruits and stored in a refrigerated box filled with seawater for transport. Seeds (n = 875) were transported to Kristineberg Marine Research Station in Sweden, by the end of May 2016. Three tanks of 1,000 L (1.5 × 1.5 m) were set up with similar conditions, i.e., salinity 38 ppt, temperature of 20°C, light of 80 μmoles m–2 s–1, and a 12/12 h light/dark photoperiod.



Seedlings Survival and Anchorage

To analyze the effects of substrate complexity on seedling anchorage, seedlings were grown for 4 months on 10 × 10 cm calcareous tiles characterized by three different levels of complexity: (i) Low complexity (LC), tiles provided with complexity only at the μm scale, i.e., the natural roughness of the stone; (ii) Medium complexity (MC), tiles provided with complexity at the μm and mm scale, having five parallel linear crevices (0.4 × 0.4 cm), and (iii) High complexity (HC), tiles provided with complexity at the μm, mm, and cm scale, having a central slot (2 × 1 cm) and four parallel crevices (0.4 × 0.4 cm) (Figure 1). One seedling was laid down at the center of each tile, each representing an independent replicate, and randomly allocated to one of the three culture tanks, for an overall number of 240 seedlings. At the end of the experiment, the number of living seedlings and the number of seedlings anchored to the tiles were counted. A seedling was considered anchored to the substrate when trying to gently move it by hand it opposed a clear resistance; otherwise, it was considered not anchored. Growth performances were evaluated through seedling morphological and biomass variables determined on 10 replicates for each complexity level. Number of standing leaves (Nle), maximum leaf length (Mll), maximum leaf width (Mlw), total leaf area per seedling (Tla, i.e., the sum of the area of all standing leaves), number of root (Nr) and of root branches (Nb), total root length (Trl, i.e., the sum of the length of all the roots), average root width (Rw), number of adhered root (N.ar), and root adhesion length (Ral, i.e., the sum of the length of all the portions of the seedling roots attached to the substrate) were measured. The assessed biomass variables, consisted of seedling total biomass (Tdw) and the relative percentage contribution of seed, roots, and leaves (Sdw; Rdw; Ldw) to Tdw, were measured as dry weight after oven-drying at 60°C until a constant weight was reached (precision 0.0001 g). All measures were reported as centimeters (cm) and grams (g).
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FIGURE 1. Calcareous tiles characterized by three levels of complexity on which the seedlings were grown. (A) Low complexity, (B) medium complexity with five linear crevices 0.4 × 0.4 cm, and (C) high complexity with four linear crevices of 0.4 × 0.4 cm and a slot of 2 × 1 cm. The diameter of the coin is 22.25 mm.




Seedling Tolerance to the Hydrodynamic Exposure

The maximum current and wave intensity tolerated by seedlings anchored to the tiles was assessed by exposing them to unidirectional (current) and oscillatory (waves) flow. Tolerance to hydrodynamic forces was expressed as the threshold velocities (u, cm s–1) needed to dislodge seedlings from the tiles, which was measured using two hydraulic flumes located at Kristineberg Marine Research Station, Sweden. Since no seedlings were anchored on LC, measurements were performed only on HC and MC. The number of replicates depended on the availability of anchored seedlings.

The current flume was 4 m long, 0.5 m wide, and 0.5 m depth, had a 2 m long test section with a water level of 0.2 m. Flow velocities were generated by a motor-run propeller located at the far end of the flume controlled by an adjustable speed drive (Dayton Electronic, 6K119). Seedlings were exposed to a unidirectional bottom current of 70 cm s–1 for 40 min, a speed reached by gently increasing the flume current velocity within 10 min to the maximum unidirectional flow velocity the flume could produce (2 min at each of the following velocities 0, 5, 10, 35, and 50 cm s–1). The wave flume was 3.5 m long, 0.6 m wide, and 0.8 m deep, with PVC modules placed in the bottom with a 35 × 35 cm box for holding the tiles with the seedlings anchored on them. The flume was driven by a pneumatic pedal that generated waves by adjusting the piston stroke and speed (see flume details in Infantes et al., 2021). A wave absorber made of synthetic fibers with a slope of 20° was placed at the end of the flume to reduce wave reflections. Water depth was 0.25 m. Seedlings were exposed to four increasing orbital flow velocities of 5, 10, and 20 cm s–1 for 2 h each, to reach the maximum orbital flow velocity the flume could generate of 25 cm s–1, for 18 h. Flow velocities in both flumes were measured with an acoustic Doppler velocimeter, ADV (Nortek, Vectrino) with a sampling rate of 25 Hz, sampling volume of 7 mm, and a nominal velocity range of 0.3 m/s. Measurements were performed at 10 cm above the bottom and 5 cm in front of the sample to not interact with the leaves (Figure 2).
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FIGURE 2. Schematic representation of the experimental setup to test the resistance of root adhesion to the substrate in the current and wave flumes (ADV, acoustic Doppler velocimeter).




Seedling Anchorage Strength and Uprooting Resistance

The force needed to detach seedlings from the substrate (F) was measured on an independent set of individuals and used as a proxy for seedling anchorage strength. A hook-shaped plastic-coated iron wire, 3 mm in diameter, was carefully passed underneath the seed body. One end of the wire was connected to a digital spring scale (Vetek, precision 5 g). Measurements were taken by pulling the seedling perpendicular to the substrate until detachment. The pull-off weight was converted to force (N). Measures were performed only for HC and MC complexity levels as seedlings placed on LC tiles did not show anchorage.

Based on the Kendall peeling model, according to which the adhesion force in biological systems is proportional to the peeling line (i.e., the sum of the width of all the adhesive elements participating in the attachment process) (Varenberg et al., 2010), the root adhesion capacity (Rac) was defined as:
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where N. ar is the number of roots adhered to the tile, and Rw is the average width of the root (cm).

The maximum flow velocity that anchored seedlings can potentially withstand before being uprooted was estimated using the equation:
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(rearranged from Dean and Dalrymple, 1991), where u is the flow velocity (m s–1), Fd is the force acting over an individual plant measured as the force (N) required to detach seedlings from the tiles (F, pulling test); CD is the drag coefficient calculated as 1.2 for 25-week-old P. oceanica seedlings (Pereda-Briones et al., 2018); ρ is seawater density, set at 1,025 kg m–3; and a is the total leaf area per seedling (m2).



Statistical Analysis

Chi-squared was used to detect significant differences in the number of anchored individuals between complexity levels (n = 80). Seedling survival and anchorage rates were computed on each of the three tanks. The effect of substrate complexity on the flow velocity needed to dislodge the seedlings from the tiles and on seedling anchorage strength (pulling test) (n = 10) was analyzed by a one-way analysis of variance (ANOVA), with factor Complexity (Co), fixed, two levels, namely, MC and HC, as seedlings did not anchor on LC tiles. The same experimental design was applied to test for the effects of substrate complexity on variables used to characterize the plant biometry (Nle, Mll, Mlw, Tla, Trl, Rw, Nr, Nb, and Ral) and the biomass allocation (Tdw, Sdw, Ldw, and Rdw) except for the factor Co that had three levels instead of two, namely, LC, MC, and HC.

Before running the analysis, the homogeneity of variances was tested using Cochran’s C test. Student–Newman–Keuls (SNK) tests allowed the appropriate means comparison between levels, when the effect of a treatment factor was significant (P < 0.05). The relation between the relevant root morphological variables (Rw, Ral, and Rac) and the anchorage strength (F, pulling test) was tested with a simple linear regression model. Finally, the same analysis was employed to test the relation between the root adhesion capacity (Rac) and the maximum flow velocity tolerated by seedlings before detachment (u), calculated with Eq. 1.




RESULTS


Seedlings Survival and Anchorage

After 4 months of indoor culturing, seedling survival rate was high, with an overall mean of 0.97 ± 0.05 (mean ± SE). Seedling anchorage rate significantly varied according to complexity levels. Anchorage rate was significantly higher (chi-square = 10.27; P = 0.001) in the high complexity (HC) (0.55 ± 0.03) than in the medium complexity level (MC) (0.29 ± 0.01). None of the seedlings in the low complexity level (LC) anchored to the substrate. Seedling anchorage occurred through the production of hairs in the piliferous zone of the adventitious roots that allowed adhesion to the tile surface.

At the end of the experiment, seedlings were 5 months old and had on average 7.00 ± 0.27 leaves (mean ± SE) (Table 1). The seedling shoots reached an average total leaf area of 28.92 ± 1.64 cm2, showing a maximum leaf length and a maximum leaf width of 10.41 ± 0.34 cm and of 0.65 ± 0.01 cm, respectively, with no difference between complexity levels [Nle F(2,27) = 0.13, P = 0.881; Mll F(2,27) = 0.59, P = 0.564; Mlw F(2,27) = 1.66, P = 0.209; Tla F(2,27) = 0.06, P = 0.945]. Root architecture varied across complexity levels. Total root length ranged from 21.47 ± 2.22 cm in MC tiles to 33.01 ± 3.38 cm in HC tiles and was significantly lower in MC compared to HC and LC levels, which did not differ from each other [F(2,27) = 5.34, P = 0.011] (Table 1). Root width was on average 0.150 ± 0.004 cm, with no differences between complexity levels [F(2,27) = 1.38, P = 0.268]. Roots resulted significantly more branched [F(2,27) = 3.87, P = 0.033] in HC (5.70 ± 2.61 branches), than in MC (0.80 ± 0.42) and LC complexity levels (0.30 ± 0.30) that did not differ from each other. None of the seedlings grown on LC complexity level adhered to the substrate while the root adhesion extent was significantly higher in seedlings grown on HC (10.69 ± 2.74 cm), than in those grown on MC (3.69 ± 2.26) [F(2,27) = 7.01, P = 0.004] (Figure 3). At the end of the experiment, seedling total biomass reached on average 0.55 ± 0.02 g, with no differences across complexity levels [F(2,27) = 1.63, P = 0.215] (Table 1). Similarly, there was no difference in seed and leaf biomass between complexity levels [Sdw F(2,27) = 0.47, P = 0.629; Ldw F(2,27) = 0.13, P = 0.880], with a mean value of 0.27 ± 0.01 g and 0.12 ± 0.01 g, respectively, while root biomass was significantly higher [F(2, 27) = 5.21, P = 0.012] in seedlings grown on HC complexity tiles (0.20 ± 0.02 g) compared to seedlings grown on the MC (0.15 ± 0.01 g) and LC (0.15 ± 0.01) complexity tiles, which did not differ from each other (Figure 3).


TABLE 1. Seedling morphological and biomass variables.
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FIGURE 3. Boxplots showing the effect of substrate complexity (Co) on seedling morphological and biomass variables (total root length, n. of root branches, root adhesion length, and root biomass). Results are showed only for variables for which a significant effect of factor Co was detected. HC = high complexity; MC = medium complexity; LC = low complexity; Median = horizontal line; 25th and 75th percentiles = vertical boxes; 10th and 90th percentiles = whiskers. n = 10 for each complexity level. Letters above bars indicate significant differences between experimental groups.




Seedling Tolerance to the Hydrodynamic Exposure

All seedlings exposed to currents (HC and MC complexity level) withstood the velocity of 70 cm s–1, during the 40 min exposure. All seedlings exposed to waves (HC and MC complexity level) withstood increased orbital flow velocities up to 25 cm s–1 during the 24 h exposure. None of the seedlings or seedling roots detached or were damaged after the unidirectional flow and the wave experiments.



Seedling Anchorage Strength and Estimation of the Seedling Uprooting Resistance

Seedling adhesion strength on MC and HC complexity levels ranged from 3.92 to 29.42 N. No differences [F(1.18) = 0.01; p = 0.915] were found between complexity levels, reporting an overall mean value of 11.50 ± 1.44 N.

The adhesion strength was found significantly dependent on the number of adhered roots [N. ar, r = 0.74; F(1.18) = 21.61; p < 0.001] and on the root adhesion capacity [RAC, r = 0.75; F(1.18) = 23.32; p < 0.001] (Figure 4), while it was not significantly related to the average root width [RW, r = 0.26; F(1.18) = 1.31; p = 0.267] and the root adhesion length [RAL, r = 0.25; F(1.18) = 1.25, p = 0.279]. Seedlings attached to the substrate with a small portion of their root apparatus resulting in a “seedling on stilts” shape (Figure 5). In fact, only one-third (35.29 ± 4.72%) of the total seedling root system was found anchored to the tiles.
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FIGURE 4. Adhesion strength measured as (A) maximum flow velocity (Umax, cm/s) and (B) pulling force (Fd, N) required to detach P. oceanica seedlings according to the root adhesion capacity (RAC, cm).
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FIGURE 5. Detail of a “seedling on stilts.” Over time, the seedling adventitious roots grew longer, rising the seedling up to several centimeters above the tile surface without causing a significant adhesion. The tip of the roots leans on the plate or attaches to the substrate only with the distal portion. Scale bar, 5 cm.


Because the highest unidirectional and oscillatory flow velocities that the flumes were able to generate were not sufficient to cause seedling detachment, the magnitude of the velocities that could have caused seedling detachment was estimated using Equation 2. The maximum flow velocity that the anchored seedlings could potentially withstand in the field before being dislodged ranged from 48.6 to 135.5 cm s–1, with a mean value of 87.03 ± 26.39 cm s–1. The maximum flow velocity tolerated by seedlings before being uprooted was found significantly related to the root adhesion capacity [RAC, r = 0.46; F(1.18) = 4.78; p = 0.042] (Figure 4).




DISCUSSION AND CONCLUSION

This work quantitatively evaluates for the first time the tolerance of P. oceanica seedlings anchored to rocky substrates to the hydrodynamic exposure, providing novel insight into the habitat requirements and colonization potential of this species on rocky shores. Moreover, the findings of the present study contribute to identifying microhabitat features that are crucial for P. oceanica seedling settlement and establishment, since substrate complexity at the seed and the root size scales proved to strongly affect seedling anchorage success.

Seedling survival exceeded 95% at the end of the experiment, confirming that P. oceanica sexual propagules can be easily cultivated in controlled tanks for several months, once proper environmental conditions are provided (Belzunce et al., 2008; Infantes et al., 2011; Alagna et al., 2015). Levels of topographical complexity of rocky substrates tested in this study strongly affected the success of seedling anchorage through adhesive root hairs. No anchoring of seedlings was recorded on flat tiles. Instead, more than a quarter of seedlings anchored on tiles of medium complexity and more than half anchored on those with high complexity. Recent works have documented the ability of P. oceanica young plantlets to firmly anchor to rocks during the first weeks of life due to the presence of root hairs capable of attaching to consolidated substrates and which for this reason have been termed “adhesive” or “sticky” hair (Alagna et al., 2015; Badalamenti et al., 2015). Further research has highlighted that the bioadhesion process is based on a mechanical interlocking mechanism of the root hair tips that grow and adapt to the substrate micro-roughness (Zenone et al., 2020a,b). This process is also supported by the presence of amorphous substances secreted in the contact region (Zenone et al., 2020a). Our findings point out that the availability of consolidated substrates, although provided with roughness at the micrometer scale, does not guarantee alone that root adhesion occurs. Proper levels of complexity at a scale relevant for the seed, i.e., 1–2 cm, for the roots, i.e., few mm and for the root hairs, i.e., tens of μm, are crucial, in order to achieve early seedling anchorage to consolidated substrates. The anchorage process could be summarized as a multi-step mechanism acting on hierarchical spatial scales: the sinking seeds are blocked by the small slots (cm), roots grow in between the interstices (mm) and the root hairs adhere in between the asperities of the substrate (μm).

The different levels of substrate complexity tested in the present study showed to affect the architecture of the seedling root system. Seedlings developed a greater root biomass when growing on high complexity tiles due to the greater branching achieved if compared to those of medium and low complexity. The greater branching also involved a greater extension of the roots adhered to the substrate. Seedlings showed overall longer roots when compared to those of similar age grown on a rocky matrix in the study of Alagna et al. (2015) and a greater percentage of biomass was allocated to the roots than leaf compartment, a trait that seems to be in common with that observed for the same species during the natural colonization of rhizomes on consolidated substrates (Di Carlo et al., 2007). The lack of an optimal complexity at the seed and root scale offered by the tile surface, compared to the rocky matrix used to rear seedlings in Alagna et al. (2015), may have fostered root development in search of a suitable place for adhesion.

The highest seedlings adhesion rate in our study was recorded on high complexity tiles (55%), a value much lower than that obtained by Alagna et al. (2015) on calcareous rocks (86% anchorage rate). This difference is most likely due to the different features of the substrate on which seedlings were grown in the two experiments. In the present study, the tiles, although provided with different levels of complexity, offered a much greater amount of sub-horizontal surfaces compared to the rocky matrix used in the study by Alagna et al. (2015) that prevented the roots from developing according to positive gravitropism. In our experiment, once the tip of an adventitious root reached the tile, it mostly faced a flat surface that offered almost no contact between the root hair and the substrate. Over time, the adventitious roots grow longer, lifting the seedling up to several centimeters above the tile surface. The tip of the roots leans on the tile surface without providing any adhesion or it attaches to the substrate only with a small portion above the root cap: the overall result is that of a “seedling on stilts.”

The maximum force needed to detach seedlings from the tiles and, consequently, the maximum flow velocity tolerated by seedling before uprooting were significantly related to the root adhesion capacity (the number of adhered roots multiplied by the average root width), while other variables, such as the root adhesion length, did not show significant effects. According to the Kendall peeling model, in biological fibrillar adhesive systems operating at the micrometer and nanometer scale, the force needed to detach an adhesive pad from a flat surface is proportional to the “peeling line length,” i.e., the sum of the width of all the elements participating in the attachment process (Varenberg et al., 2010). Our results suggest that a similar relation could work even at higher spatial scales and on irregular substrates, as root adhesion capacity proved to be a good explanatory variable for seedling adhesion force and performed better than any other variable tested.

Our findings support previous field studies where seagrass seedlings showed higher recruitment probabilities on consolidated and firm substrates provided with topographical complexity (i.e., rocky substrates and dead matte of P. oceanica) than on mobile (i.e., sandy) bottoms (Balestri et al., 1998; Piazzi et al., 1999; Olesen et al., 2004; Rivers et al., 2011; Alagna et al., 2013; Balestri et al., 2017; Pereda-Briones et al., 2020; Castejón-Silvo and Terrados, 2021). However, few studies have tried to disentangle the effect of substrate stability from that of complexity (Alagna et al., 2015; Pereda-Briones et al., 2018). Indeed, sea bottom topographical complexity affects propagule dispersion and retention (Inglis, 2000; Pereda-Briones et al., 2018; Meysick et al., 2019), as shown by the positive correlation found between substrate topographical complexity at the scale of centimeters and propagule trapping (Pereda-Briones et al., 2018). This pattern was ascribed to the increased flow reduction over substrates of higher complexity, which allow for propagule retention (Pereda-Briones et al., 2018). Hole and crevices on rocky substrates as well as inside seagrass dead matte would reduce the hydrodynamic drag forces acting on propagules, favoring their retention and establishment (Olesen et al., 2004; Rivers et al., 2011; Alagna et al., 2013; Pereda-Briones et al., 2018). Results of the present study contribute to disentangling the effects of substrate stability from that of substrate complexity and corroborate the hypothesis that substrate complexity at scales relevant to the size of propagules is a crucial feature for P. oceanica seedling establishment.

The maximum intensity of unidirectional and oscillatory flow that seedlings can withstand without being dislodged, measured in the present study, supports the hypothesis that P. oceanica sexual propagules, once adhered to a consolidated substrate, are able to tolerate significantly higher hydrodynamic stress compared to seedlings established on sand. In fact, no seedling detached from the tiles under both the unidirectional (70 cm s–1) and oscillatory flow (25 cm s–1) while, in a previous study, seedlings growing on sand did not persist above 18 cm s–1 wave-induced velocities (Infantes et al., 2011). Moreover, the estimated maximum orbital velocities that seedling could potentially tolerate in the field before being uprooted suggest that P. oceanica sexual propagules settled on rocky bottoms are able to persist at sites characterized by strong wave exposure, up to 87.03 cm s–1 orbital velocities, on average, and that some individuals can tolerate peak of 135.5 cm s–1 orbital velocities. These wave-induced velocities are comparable or even higher than those estimated to impinge on the upper limit distribution of P. oceanica meadows found on rocky shores at very shallow sites (depth < 1 m, Ruju et al., 2018).

The presence of P. oceanica meadows at locations characterized by strong hydrodynamic exposure can be the result of stepwise clonal growth from already established patches at higher depths or of a direct sexual recruitment and patch initiation from seedlings. Results reported here show how P. oceanica sexual propagules can persist and potentially colonize rocky bottoms in high-energy habitats thanks to the adhesive properties of seedling root hairs. The fast and strong anchorage to consolidated substrates provided by this adaptive trait could explain why this species is found at very shallow sites up to the outer surf zone of storms on hard bottoms while it is absent on the same environmental conditions on mobile substrates or on erodible rocks (Montefalcone et al., 2016; Ruju et al., 2018).

The maximum seedling tolerance to wave-induced hydrodynamic stress here estimated represents a new threshold for P. oceanica colonization and survival via sexual propagules. Furthermore, this result provides an explanation for the numerous records of successful seedling recruitment at sites shallower than the upper limit distribution of adjacent seagrass beds, thus in areas characterized by higher hydrodynamic disturbance than that experienced by the nearby mature meadows (Balestri et al., 2017 and the references therein). Suitable habitats for P. oceanica meadow colonization and survival could include sites characterized by high hydrodynamic exposure if substrates provided with proper lithological and topographical features are available.

There is a growing consensus that sexual reproduction, even at low recruitment rates, can confer long-lived clonal species an adaptive demographic advantage, since the increase in population genotypic diversity has been correlated to an increase in the capability to adapt to a changing environment and provides evolutionary potential to species (Reusch et al., 2005; Ehlers et al., 2008; Hughes and Stachowicz, 2011). Areas located near meadows that regularly flower and produce fruits, characterized by rocky substrates with adequate complexity, are promising candidates as successful sexual recruitment sites, even in high-energy hydrodynamic conditions. Locations with these features should be included in conservation planning even if not currently covered by seagrass beds, in the view of facilitating future natural colonization processes as well as restoration initiatives based on the use of seeds and seedlings. Moreover, selection of shallow areas adjacent to existing seagrass beds should be considered in the face of sea level rise predicted for the next century and of the potential landward shifting of the ecosystems (Saunders et al., 2013; IPCC, 2019).
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