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Grazing is one of the most important biological factors controlling the abundance of early-life stages of fucoids and one of the major issues when restoring marine forests. Benthic macroinvertebrates (e.g., sea urchins) and fish shape and regulate benthic macroalgal communities from polar to tropical regions and can be responsible for regime shifts leading to the predominance of turfs and/or barren grounds. However, other herbivores (i.e., mesograzers) could also significantly participate in the grazing, especially on early-life stages, hampering the persistence and capacity of Cystoseira sensu lato populations to recover after major disturbances and being a cause of failure of restoration actions. We performed experiments in the field and in mesocosm in order to investigate the herbivory pressure and the effects of different grazers on recruits of Cystoseira compressa. The results highlight that non-strict herbivorous invertebrates, such as Clibanarius erythropus, Cerithium vulgatum, and Idotea balthica, graze on recruits of Cystoseira s.l. spp., with I. balthica showing the highest consumption rate. We concluded that biotic factors such as herbivory, which affect key life stages, can be crucial for the conservation of Cystoseira s.l. forests and need to be better understood and considered on a case-by-case basis when planning restoration actions.
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1 Introduction

Marine forests of large brown macroalgae represented by the species from the orders Laminariales, Tylopteridales, Desmarestiales, and Fucales form structurally complex habitats in polar and temperate regions around the world (Wernberg and Filbee-Dexter, 2019). These forests, commonly located on intertidal and subtidal rocky bottoms, provide important ecosystem functions, such as habitat, food, and shelter to multiple species. They are also one of the world’s most productive ecosystems, participating in capturing carbon dioxide (Boudouresque et al., 2016; Wernberg and Filbee-Dexter, 2019; Pessarrodona et al., 2022). Despite the important ecological functions marine forests provide, multiple anthropogenic stressors are pushing them to the edge (Filbee-Dexter and Wernberg, 2018; Carnell and Keough, 2019; Wernberg et al., 2019). A worldwide decline of marine forests is occurring, mainly driven by the destruction of habitats, reduced water quality, global change, and proliferation of herbivores (Wernberg et al., 2019; Orfanidis et al., 2021; Pessarrodona et al., 2021). In particular, overgrazing by sea urchins and herbivorous fish species is, in some locations, responsible for such declines (Foster and Schiel, 2010; Gianni et al., 2017; Sharma et al., 2021; Barrientos et al., 2022).

Herbivores shape and regulate benthic macroalgal communities in a variety of natural rocky reef systems (Scheibling et al., 1999; Vanderklift et al., 2009; Vergés et al., 2009), and in turn, plant–herbivore interactions are controlled by biotic and abiotic factors (Korpinen et al., 2007). Ocean warming, increased pCO2, and oligotrophic and eutrophic conditions can modify top-down and bottom-up macroalgal communities interactions, increasing grazing and threatening the persistence of habitat-forming macroalgae by altering the density and the species composition of the macroalgal community (Lotze et al., 2001; Hereu et al., 2008; Illa-López et al., 2023). Although local stressors and regional variations can control marine forest dynamics (Krumhansl et al., 2016; Smale, 2020; Verdura et al., 2021; Smith et al., 2022), many studies have shown how sea urchins, native and invasive herbivorous fish, and even omnivorous fish are potential threats to macroalgal communities and responsible for the formation of turfs or barren ground extensions (Tegner et al., 1995; Vergés et al., 2014; Vergés et al., 2016; Papadakis et al., 2021). Mesograzers associated with marine forests such as decapods, gastropods, amphipods, and isopods can significantly participate in the grazing of different life stages of forest-forming species, but little is known about the magnitude of their possible effects (Arrontes et al., 2004; Jonne et al., 2006; Molis et al., 2010; Gunnarsson and Berglund, 2012; Hong et al., 2021; Navarro-Barranco et al., 2022).

In the Mediterranean Sea, the density and abundance of macroalgae are also controlled by herbivores (Vergés et al., 2009; Giakoumi et al., 2012). The two species of sea urchin, Paracentrotus lividus and Arbacia lixula, are the most common benthic macroherbivores of sublittoral rocky bottoms (Bulleri et al., 1999; Agnetta et al., 2015). Both species have been responsible, alongside anthropogenic stressors such as habitat destruction, for the degradation and regime shifts from forest-forming and shrub-forming macroalgal assemblages to barren grounds, favoring the maintenance of stable post-regime shift states (e.g., turfs or barren grounds) in many areas (Sala et al., 1998a; Bulleri et al., 1999; Guidetti and Dulčić, 2007; Guidetti, 2011; Giakoumi et al., 2012). However, sea urchins are not the only macroherbivores that play a role structuring Mediterranean macroalgal assemblages. Sarpa salpa (Salema fish), the only true native herbivorous fish in the Mediterranean Sea (Verlaque, 1990), plays also an important role in structuring macroalgal communities and can be responsible for the depletion of macroalgal forests (Gianni et al., 2017). More recently, the range expansion and invasion of tropical herbivorous fishes such as Siganus spp. (rabbitfish) have contributed to reducing the biomass and diversity of macroalgal species in the Mediterranean Sea, driving regime shifts from macroalgal-dominated communities to barrens (Azzurro et al., 2007; Giakoumi, 2014; Vergés et al., 2014; Vergés et al., 2016; Zarco-Perello et al., 2020).

Mediterranean marine forests are dominated by Cystoseira sensu lato species, including the genera Cystoseira, Ericaria, and Gongolaria (Molinari - Novoa and Guiry, 2020). These canopy-forming macroalgae can form prominent and dense canopies that are analogous to kelp forests of other temperate rocky coasts (Giaccone, 1973; Ballesteros et al., 1998) and constitute one of the most productive and complex habitats of the Mediterranean Sea (Ballesteros, 1989a; Ballesteros, 1990; Clayton, 1990). The zonation of Cystoseira s.l. spp. depends on multiple physical factors such as light, hydrodynamics, temperature, and availability of nutrients (Ballesteros, 1989b) but also on biotic factors such as herbivory (Ruitton et al., 2000; Vergés et al., 2009; Sala et al., 2011). Considering the widespread deforestation of Mediterranean macroalgal forests (Cormaci and Furnari, 1999; Thibaut et al., 2015; Mariani et al., 2019) and the important ecosystem services they provide, important efforts have recently been made to promote their protection and restoration (Eger et al., 2021). Currently, restoration techniques based on recruitment enhancement (by obtaining new recruits from both ex-situ and in-situ techniques) are increasingly being used to restore marine forests (Falace et al., 2018; Verdura et al., 2018; De La Fuente et al., 2019; Cebrian et al., 2021; Savonitto et al., 2021). However, herbivory pressure still constitutes one of the major problems when planning marine forests restoration actions, since it is one of the main causes of failure (Gianni et al., 2013; Gianni et al., 2018; Tamburello et al., 2019b; Savonitto et al., 2021).

Knowing which species graze on different life stages of forest-forming species could be crucial for successful protection and restoration implementation. Grazing is believed to be one of the most important biological factors controlling the abundance of early-life stages of fucoids (Chapman, 1995), whereas the persistence and the resilience of populations to future impacts can be largely dependent on efficient recruitment and growth of the recruits (Ang, 1991; Capdevila et al., 2015; Clausing et al., 2023). Therefore, it is of special interest to study the herbivory pressure on early-life stages as they are usually more vulnerable than adults and high mortality rates are naturally observed during this life stage (Aberg, 1992; Coelho et al., 2000; Schiel and Foster, 2006). The main objective of this study was to investigate the herbivory pressure of different grazers (sea urchins, fishes, decapods, gastropods, amphipods, and isopods) on recruits of Cystoseira compressa. To assess species-specific herbivory pressure on the survival and growth of recruits of C. compressa, we performed experiments in the field (herbivory exclusion) and in mesocosm (grazing rate of decapods, gastropods, amphipods, and isopods) on recruits of this species. C. compressa was selected as a model because it is considered one of the most resistant Cystoseira s.l. spp. to manipulation and the only not protected under the Barcelona Convention Annex II and the United Nations Environment Programme/Mediterranean Action Plan-UNEP/MAP (Mangialajo et al., 2012; Verlaque et al., 2019). This species, which could also have a role in facilitating the settlement of other Cystoseira s.l. spp. (Mangialajo et al., 2012), is still present in the French Riviera, where patches can be found along exposed rocky shores. However, dense populations are only found in rockpools in Lérins Islands (authors’ personal information; Thibaut et al., 2015).




2 Material and methods



2.1 Study sites

Three sites were selected to study the herbivory pressure on recruits of Cystoseira compressa: (i) a site where a Cystoseira s.l. forest is present (Sainte Marguerite Island) and (ii) two sites where C. compressa was reported in the past but is lost nowadays (Beaulieu-sur-Mer and Passable; Thibaut et al., 2015). The Sainte Marguerite Island site (hereafter Sainte Marguerite; WN-Mediterranean Sea, Lérins Islands, Cannes, France) is a rockpool system located in a protected Natura 2000 site. Situated 1.3 km from the coast of Cannes is where there are some of the last well-conserved shallow marine forests in the Côte d’Azur (Figure 1). The rockpool system (between 0.2 and 1.0 m depth) is composed mainly of C. compressa, Gongolaria barbata, Ericaria crinita, and Ericaria brachycarpa. The two sites deprived of Cystoseira s.l. forests are located on an urbanized continental open coast in (i) Fourmis’ Bay in Beaulieu-sur-Mer (hereafter Beaulieu), a semi-exposed site between 0.5 and 1 m depth, and (ii) Passable in Saint-Jean-Cap-Ferrat (hereafter Passable), a sheltered site around 0.5 m depth (Figure 1).




Figure 1 | Location of the three experimental sites: (i) the rockpool system in Sainte Marguerite Island in Lérins Islands (43°30′57.6″N, 7°3′14.4″E) and (ii) the two open coast sites Beaulieu (43°42′3.6″N, 7°19′48″ E) and Passable (43°41′42″N, 7°16′33.6″E).






2.2 Surveys of herbivores

The presence and density of known and potential herbivorous species, including sea urchins, decapods, and gastropods, were measured at three experimental sites from summer to autumn 2020 and 2021 on five different days in Sainte Marguerite (14/07/2020, 10/09/2020, 20/08/2021, 30/09/2021, 27/10/2021) and in 2021 on three different days in Beaulieu and Passable (30/09/2021, 27/10/2021, 02/11/2021). Herbivorous fish, mainly Sarpa salpa larger or equal to 5 cm in length, were visually quantified in Sainte Marguerite by stationary recording the number of individuals during 5 min, whereas in Beaulieu and Passable, herbivorous fish densities were quantified by recording stationary videos at random points and counting the number of S. salpa individuals in a radius of 5 m during 5 min (n = 10; Sala and Ballesteros, 1997; Vergés et al., 2009). The density of sea urchins was assessed using 50 × 50 cm quadrats (n = 20 per site; Guidetti et al., 2003). The density of decapods and gastropods was determined using 20 × 20 cm quadrats (Barnes, 2003; Jethva et al., 2022) in the rockpool system in Sainte Marguerite (n = 40) and in the open coast in Beaulieu (n = 20) and Passable (n = 20).




2.3 Field experiment 1: herbivory on in-situ recruitment substrates in the forested rockpool system

An herbivory exclusion experiment was performed in the rockpool system in Sainte Marguerite to study the effectiveness of the in-situ recruitment enhancement and assess the herbivory pressure on recruits in the field (Figure 1). There were 18 natural clean rock substrates randomly fixed using Epoxy putty to the bottom of the rockpool system, to provide free substrates. To test the effect of recruitment enhancement (factor Recruitment enhancement, two levels), half of these substrates were seeded using a non-destructive in-situ recruitment enhancement technique (Verdura et al., 2018). In July 2020, the presence of mature conceptacles of C. compressa in the rockpool system in Sainte Marguerite was confirmed under the microscope and apical fertile branches (ca. 3 cm in length) were manually collected and transported in cold and dark conditions in plastic bags to the laboratory. The apical fertile branches were conserved at 4°C in the dark overnight before being placed in-situ on top of the selected substrates the day after. Above each substrate, a net bag containing 5 g fresh weight (FW) of apical fertile branches was placed floating in the water column for 3 days. In order to assess the herbivory impact on the recruits, some of the substrates were protected (factor Herbivory protection, three levels) to avoid herbivory (mainly from fishes and sea urchins, factor level Protected). Artefact controls and substrates with no protection (levels Artefact control and Open, respectively) were also included (Figure 2; Supplementary material S1; Recruitment enhancement × Herbivory Protection, n = 3). The density (number of recruits per 0.04 m2) and size (length in cm of the longest axis) of C. compressa individuals growing on the substrates were monitored at 2, 9, and 12 months and used as response variables. The size of the recruits was determined by measuring 10 individuals from each substrate. All the individuals were measured when less than 10 individuals were present on the substrate.




Figure 2 | Representation of the different experiments performed. Two herbivory experiments were performed in the field, to assess the herbivory pressure on recruits of Cystoseira compressa. A mesocosm experiment to assess the grazing on recruits of C. compressa by the decapod Clibanarius erythropus, the gastropod Cerithium vulgatum, the amphipod Gammarus sp., and the isopod Idotea balthica.



The natural density of the C. compressa individuals naturally present in the rockpool system of Sainte Marguerite was monthly monitored from May to October 2020 using 20 × 20 cm quadrats (n = 25), and the global mean value was used as a reference to assess the evolution of the individuals on our experimental substrates (Verdura et al., 2018).




2.4 Field experiment 2: herbivory on ex-situ recruitment substrates on the deforested open coast

An herbivory exclusion experiment was performed in the two deforested open coast sites (Beaulieu and Passable; Figure 1) to study the herbivory pressure in the field and the success of the ex-situ recruitment enhancement technique in the absence of a Cystoseira s.l. forest. In August 2021, after having observed mature conceptacles under the microscope, around 180 g FW apical branches of C. compressa containing fertile receptacles were collected from the C. compressa donor population located in the rockpool system in Sainte Marguerite. The apical branches were transported in cold and dark conditions, and once in the laboratory, they were gently cleaned with tweezers. To stimulate the release of gametes, the apical branches were maintained at 4°C in the dark overnight before placing them on the culture tanks. The day after, the apical fertile branches were placed on the surface of three 30-l closed system tanks (60 g FW of apical fertile branches per tank) to obtain recruits on the clean natural rock substrates previously placed on the bottom of the tanks (Verdura et al., 2018; De La Fuente et al., 2019). The apical fertile branches were kept for 4 days on the surface of the tanks to release the zygotes. The recruits of C. compressa were kept for 2.5 months in the aquarium facilities, with air pumps and under natural light conditions, before transplanting them to the two open coast sites. Filtered seawater (200 µm mesh) from Anse des Fosses (Saint-Jean-Cap-Ferrat, France) was used for the tanks and was changed every 2 days; no culture medium was provided to the cultures. After 2.5 months in tanks (in October 2021), 24 substrates with similar densities of recruits of C. compressa were transplanted and fixed using Epoxy putty in the two deforested open coast sites. Some substrates with recruits were maintained in the aquarium facilities and used as controls (n = 6). As for experiment 1 (see Section 2.3), half of the transplanted substrates were protected (factor Herbivory protection, two levels, n = 6) to avoid herbivory (mainly fishes and sea urchins) whereas the others were not (Figure 2; Supplementary material S1). The density (number of recruits per 0.04 m2) of C. compressa individuals growing on the substrates was used as a response variable and was monitored at the beginning of the experiment and after 1 and 12 days.




2.5 Mesocosm experiment: potential herbivory pressure of mesograzers

The potential herbivory pressure on recruits of C. compressa of a decapod (Clibanarius erythropus), a gastropod (Cerithium vulgatum), an amphipod (Gammarus sp.), and an isopod (Idotea balthica) was assessed in laboratory. The species and their densities were selected in function of field observations and information reported in the literature for fucoid species (Engkvist et al., 2000; Chemello and Milazzo, 2002; Gozler et al., 2010; Gunnarsson and Berglund, 2012; Suzuki et al., 2020; Hong et al., 2021; Navarro-Barranco et al., 2022).

Clibanarius erythropus and Cerithium vulgatum individuals were obtained from the rockpool system in Sainte Marguerite, within the Cystoseira s.l. forest, whereas I. balthica and Gammarus sp. were obtained from Anse des Fosses (Saint-Jean-Cap-Ferrat, France) within leaves of Posidonia oceanica (Tracheophyta) detritus between 0 and 0.5 m depth. Recruits of Cystoseira compressa were obtained in the laboratory following the same ex-situ cultivation technique as in Section 2.4 and kept in 30-l tanks until the beginning of the mesocosm experiment (2.5 months). The substrates with C. compressa recruits were cleaned from epiphytes and/or growing biofilm with tweezers and a brush before the start of the experiment. Individual substrates with similar biomass of recruits of C. compressa were placed in 2.5-l experimental tanks (100 cm2). Different numbers of herbivores of each species were considered for the experiment: one, two, and three individuals of Clibanarius erythropus were placed in a total of 15 tanks (n = 5); one, three, and five individuals Cerithium vulgatum were placed in a total of 15 tanks (n = 5); and one individual per tank was considered for Gammarus sp. and I. balthica (n = 7; 7 experimental tanks per species). Controls with 0 herbivorous were included. As the experiments with Clibanarius erythropus and Cerithium vulgatum were performed simultaneously, the same controls (n = 5; 5 experimental tanks) were used for both species. The experiments with Gammarus sp. and I. balthica were performed later and shared the same control experimental tanks with 0 individuals (n = 6; 6 experimental tanks; Supplementary material S1).

All the herbivores were kept without food for 48 h before the start of the experiment. Every 2 days, the water temperature was measured and the filtered seawater (200 µm mesh) in the experimental tanks was changed, and faeces were cleaned every day. Clibanarius erythropus and Cerithium vulgatum were maintained in the experimental tanks for 23 days and Gammarus sp. and I. balthica for 4 days, until they consumed all, or almost all, of the available biomass of Cystoseira compressa. Clibanarius erythropus and Cerithium vulgatum were weighted once at the end of the experiment (mg FW) after extracting them from their shells. Gammarus sp. and I. balthica individuals where weighted (mg FW) every 24 h. The mean biomass (FW) of Gammarus sp. individuals was 0.08 ± 0.01 g FW, and the mean biomass of I. balthica individuals was 0.07 ± 0.01 g FW (mean ± se hereafter) at the beginning of the experiment. The consumption of the different species was assessed as the consumed biomass (mg FW) of recruits and extrapolated from the number of Cystoseira compressa recruits. At the start of the experiment, the mean biomass of C. compressa in each experimental tank was 4.96 ± 0.13 mg FW for Clibanarius erythropus, 5.08 ± 0.14 mg FW for Cerithium vulgatum, 4.37 ± 0.37 mg FW for Gammarus sp., and 5.47 ± 0.28 mg FW for I. balthica (Supplementary material S2). The biomass consumption of recruits (mg FW) was evaluated every 24 h the first week and then twice a week, which, with the consumption rate (mg FW Cystoseira compressa mg FW herbivores-1 day-1), were used as response variables.

The biomass (mg FW) of the C. compressa recruits was extrapolated from a linear regression [volume (mm3) ~ biomass (mg FW)]. To do so, the volume of each recruit was calculated approximating its shape to a cone and semi sphere (Supplementary material S2). The maximum length and maximum width of each recruit were measured under a stereomicroscope. Then, this volume was transformed to g FW, using the previously adjusted volume (mm3) ~ biomass (mg FW) linear regression determined on other recruits (R2 = 0.994). To obtain the linear regression, the volume of 38 recruits was determined by a water displacement technique (mL). The volume of each recruit was measured six times, and the mean of the measurements was used. Then, each recruit was dried with absorbent paper before being weighed three times (± 1 mg) for obtaining the FW (Supplementary material S2).




2.6 Statistical analysis

Field experiment 1: The density (ind. 0.04 m-2) and the size (cm) of recruits of C. compressa were used as response variables. A generalized linear model (GLM), with a “Quasipoisson link log distribution function, was used to test the effect of the herbivory protection and recruitment enhancement on the density of recruits after 2 months, with herbivory protection (three levels) and recruitment enhancement (two levels) as fixed factors. The factor recruitment enhancement was no longer considered for further analysis because it was not significant for the first sampling date (2 months). Then, a generalized linear mixed-effect model (GLMM) with a Poisson link log distribution function was used to test the effect of the factor herbivory protection over time with herbivory protection and time (both three levels) as fixed factors and substrate as a random factor, in order to cope with repeated measures over time (Pinheiro and Bates, 2000). A GLMM with an inverse Gaussian link log distribution was used to test the effects of the herbivory protection on the size of the recruits, with herbivory protection and time (both three levels) as fixed factors and the substrate as a random factor.

Field experiment 2: The density of recruits of C. compressa (ind. 0.04 m-2) was used as a response variable. A GLMM with a Poisson link log distribution function was used to test the effect of the herbivory protection on the density of recruits, with herbivory protection (two levels) and time (three levels) as fixed factors and site (two levels) and substrate as random factors to cope with repeated measures over time (Pinheiro and Bates, 2000).

Mesocosm experiment: The cumulative biomass consumption (mg FW) and the consumption rate (mg FW C. compressa mg FW herbivores -1 day -1) of recruits of C. compressa were used as response variables. A linear mixed-effect model (LMM) was used to test the cumulative biomass consumption of recruits by Clibanarius erythropus, Cerithium vulgatum, and I. balthica, with the density of herbivores (four levels for Clibanarius erythropus and Cerithium vulgatum and two levels for I. balthica) as a fixed factor and the time and the tank as random factors as the LMM models can cope with repeated measures over time. Finally, a linear model (LM) was used to test the consumption rate of the different species, with the species (three levels) as a fixed factor. Gammarus sp. was excluded of this analysis as no consumption was detected.

All the GLM, GLMM, LMM, and LM models were fitted to analyze the effect of the variables, and the AIC likelihood minimum was used to select the best model among the possible combinations. All the different models were fitted using the functions “glm,” “glmer,” “lmer,” and “lm” from the package lme4 (Bates et al., 2015) in the statistical environment R (R Core Team, 2019). For all the models, the assumptions of normality and equality of variance were evaluated through graphical analyses of residuals using QQ plot functions. P-values were obtained by means of a Wald χ2 test using the ‘ANOVA’ function from the car package (Fox and Weisberg, 2019). Finally, the function ‘emmeans’ from the package emmeans (Lenth et al., 2022) was used to perform the post-hoc analysis.





3 Results



3.1 Surveys of herbivores

In the rockpool system in Sainte Marguerite, neither Sarpa salpa (>5 cm) or sea urchins (Paracentrotus lividus or Arbacia lixula) were observed during the experiment. In this site, the mean density of Paguroidea decapods was 45.90 ± 13.08 ind. m-2 and the mean density of Cerithium vulgatum was 36.46 ± 9.44 ind. m-2. In the open coast sites, mean densities of S. salpa of 1.1 ± 0.50 ind. 39.27 m-2 and of 1.2 ± 0.33 ind. 39.27 m-2 were respectively found in Beaulieu and Passable. Sea urchins (including P. lividus and A. lixula) were present at densities of 6.00 ± 1.83 and 3.20 ± 1.04 ind. m-2; Paguroidea decapods were present at densities of 2.91 ± 1.35 ind. m-2 and 49.45 ± 14.77 ind. m-2; and C. vulgatum was present at densities of 5.09 ± 3.85 and 96.73 ± 24.79 ind. m-2, respectively, for Beaulieu and Passable (Figure 3). Paguroidea decapods in the three sites consisted mainly of Clibanarius erythropus, but few individuals of Diogenes pugilator and of Calcinus tubularis were also observed. In general, higher densities of herbivores were observed in Passable (Figure 3).




Figure 3 | In-situ density of herbivores at the three studied sites: the two open coast sites (Beaulieu and Passable) and the rockpool system (Sainte Marguerite). The errors bars show the standard error.






3.2 Field experiment 1: herbivory on in-situ recruitment substrates in the forested rockpool system

The density of recruits (ind. 0.04 m-2) on the experimental substrates in Sainte Marguerite was affected at 2 months only by the factor herbivory protection, and not by the recruitment enhancement (GLM, P-value < 0.001; Figure 4 and Table 1). At this time, the post-hoc analysis found higher densities of recruits on protected substrates than on open or artefact control substrates. Due to the non-significance of the recruitment enhancement on the density of recruits at 2 months, this factor was no longer considered and the data were pooled together in the next analysis. When considering the three sampling dates, the herbivory protection and the time exerted an interactive effect on the density of recruits (GLMM, P-value < 0.001 for the interaction Herbivory protection × Time; Figure 5 and Table 1). The post-hoc analysis detected differences in densities of Cystoseira compressa between the levels of herbivory protection for all sampling days. At months 2 and 12, densities of C. compressa were higher on protected substrates, whereas at month 7, there was no difference between protected and open substrates. For all the herbivory protection levels, the densities of C. compressa decreased over time, but at month 12, the densities on the experimental substrates were still higher than the ones observed in the natural population (3.05 ± 0.26 ind. C. compressa 0.04 m-2 in natural populations; Figure 4).




Figure 4 | Boxplot of the density of recruits of Cystoseira compressa per 0.04 m2 of natural substrates in the rockpool system in Sainte Marguerite 2 months after the starting of the experiment. The bold horizontal lines indicate the median value (Q2), the box marks the interquartile distances (Q1 and Q3), and the whiskers mark the values that are less than Q3 + 1.5 * IQR but greater than Q1–1.5 * IQR.




Table 1 | Results from the statistical analyses.






Figure 5 | Density of recruits of Cystoseira compressa per 0.04 m2 of natural substrates in the rockpool system in Sainte Marguerite in function of the herbivory protection level (protected, artefact control, and open). The natural population densities of C. compressa in this site are represented in red considering the mean and the standard error (3.05 ± 0.26 individuals 0.04 m-2, mean ± se). The errors bars show the standard error.



Only time and not the herbivory protection had a significant effect on the size of the recruits (GLMM, P-value < 0.001 for the factor Time; Figure 6 and Table 1). The size increased with time with a maximum at month 12 (July 2021), with a mean size of 9.00 ± 0.52 cm, and maximum and minimum individual sizes of 18 and 3 cm, respectively (Figure 6 and Table 1). The natural density of C. compressa in Sainte Marguerite was 3.05 ± 0.26 ind. 0.04 m-2 (76.36 ± 6.40 individuals m-2), with maximum densities of 5 and a minimum of 1 ind. 0.04 m-2.




Figure 6 | Size class distribution of the Cystoseira compressa recruits on Sainte Marguerite’s substrates over time in function of the herbivory protection level (protected, artefact control, and open). The X-axis represents the size classes (length of the of the longest axis of each individual) in 1-cm intervals, and the Y-axis is the proportion of each size class per treatment.






3.3 Field experiment 2: herbivory on ex-situ recruitment substrates on the deforested open coast

The herbivory protection and time had an interactive effect on the density of recruits of C. compressa on the deforested open coast (GLMM, P-value < 0.001 for the interaction Herbivory protection × Time; Figure 7 and Table 1). The post-hoc analysis found higher densities of recruits of C. compressa on protected substrates after 1 and 12 days. However, most of the recruits (>50%), even on protected substrates, disappeared after 24 h (Figure 7), whereas densities of the recruits that remained in the tanks in the laboratory (substrates that were not transplanted to the field) were stable after 12 days.




Figure 7 | Density of recruits of Cystoseira compressa per 0.04 m2 of natural substrate on the deforested open coast sites (Beaulieu and Passable) in function of the herbivory protection level (protected, artefact control and open). The errors bars show the standard error.






3.4 Mesocosm experiment: potential herbivory of different mesograzers

All the studied mesograzers, except Gammarus sp., consumed recruits of C. compressa. For Clibanarius erythropus, Cerithium vulgatum, and Idotea balthica, the post-hoc analysis found significant differences in the consumption of Cystoseira compressa biomass when compared with the controls (factor number of individuals; LMM, P-value < 0.001; Figure 8 and Table 1). No consumption and neither significant mortality of C. compressa was found in the tanks with Gammarus sp. (Figure 8). For Clibanarius erythropus, a significant effect was observed between the treatments and the control, independently of the density of individuals. A density effect was detected for Cerithium vulgatum, with the consumption being higher in the treatment with five individuals (Figure 8 and Table 1). I. balthica individuals consumed 100% of the biomass of recruits 24 h after the start of the experiment in four out of the seven experimental tanks, and more than 85% in two of them (Figure 8; Supplementary Material S3). The consumption rate of I. balthica on Cystoseira compressa recruits was by far the highest of the three grazers; no significant differences were observed between Clibanarius erythropus and Cerithium vulgatum grazing rate (LM, P-value < 0.001; Figure 9 and Table 1).




Figure 8 | Cumulative biomass consumption of Cystoseira compressa (mg FW) by Clibanarius erythropus, Cerithium vulgatum, Gammarus sp., and Idotea balthica, and control substrates. Not that the biomass loss in the controls (0 individuals) it is not due to herbivory. The grey dashed lines represent the total mean available biomass of C. compressa in the experimental tanks. The errors bars show the standard error.






Figure 9 | Consumption rate (mg FW Cystoseira compressa mg FW herbivore -1 day -1) for the three mesoherbivores for the whole duration of each experiment. Gammarus sp. is not represented as no consumption of C. compressa by this species was observed. The error bars show the standard error.







4 Discussion

Our study aimed at elucidating the herbivory pressure of different mesograzers on early-life stages of shallow Cystoseira s.l. spp. Our results are also very relevant in the framework of ecological restoration, as grazing can affect marine forest restoration actions and the species chosen (Tamburello et al., 2019a; Savonitto et al., 2021). During the field experiments, Cerithium vulgatum and decapods (mainly Clibanarius erythropus) were the most abundant herbivores observed at all sampling sites (excepted in Beaulieu), and interestingly, high densities were observed on patches of bare rocks just next to the macroalgal communities (author’s personal observation). In the two open coast sites, the densities of Sarpa salpa and sea urchins were similar with the ones reported on other Mediterranean studies at the same depth (Sala et al., 1998b; Guidetti et al., 2003; Vergés et al., 2009). Similarly, although no data were found for the Mediterranean Sea, the observed densities of Paguroidea decapods and Cerithium vulgatum in the three sites were between the ranges reported for species of the same genera in other locations (Barnes, 2003; Halpern, 2004; Jethva et al., 2022).

In the experiment performed in the rockpool system situated in Sainte Marguerite, the density of Cystoseira compressa recruits changed in function of the herbivory protection, showing that herbivory pressure can affect the recruitment success and, therefore, how important it is to control herbivory on early-life stages for increasing restoration success. The first assessment of the density and size of recruits at this site was performed 2 months after the setup, a reasonable time to allow a correct visual identification and quantification of the recruits in the field. The density of recruits drastically decreased in month 7, likely due to density-dependant effects: the density decreases as the size increases (Chapman, 1995). The significantly higher number of individuals found on the protected substrates than on the artefact control and open substrates at month 2 was still observed at month 12. No significant patterns were observed at month 7, likely due to some difficulties in the individual quantification at this particular stage of the growth, when they start ramifying (when the ramifications are close to the holdfast and the densities of individuals high, it can be difficult to quantify single individuals). At month 12, when significant differences linked to the protection were observed, the individuals were bigger and their quantification easier. Interestingly, the density of individuals of C. compressa on the experimental substrates after 12 months was higher than the density observed in the surrounding natural populations. On the other hand, there were no differences in the size of the recruits independently of the herbivory protection. No effect of the recruitment enhancement was observed in the experiment. This could be due to the presence of fertile C. compressa adults in the rockpool system, which could have released new zygotes recruiting on all our experimental substrates, but also to a larger effect of the recruitment enhancement scale: every bag with receptacles could have spread zygotes at a wider scale than the size of the experimental substrates.

In the two deforested open coast sites, Beaulieu and Passable, we observed a dramatic decrease in density of the transplanted recruits after only 24 h. The density of recruits was significantly higher in the protected treatments after 24 h, but almost no individuals were present after 12 days in both treatments. A high grazing rate in these sites could be at the origin of this result (showing a delay in time in the loss of recruits in the protected substrates), but other reasons could explain the observed patterns. While in Sainte Marguerite, the good conditions for the growth of Cystoseira s.l. spp. were ensured by the presence of a healthy forest, in Beaulieu and Passable, this was not the case, and we cannot exclude that the environmental conditions for the survival of the recruits might have not been adequate (e.g., water quality, sedimentation, irradiation, absence of a canopy; Irving et al., 2009), despite the presence of C. compressa in the past (Thibaut et al., 2015). It is also worth noting that the recruits transplanted to the open coast sites were grown in tanks (ex-situ technique) for 2.5 months, eventually becoming more sensitive to the natural environmental parameters (Clausing et al., 2023). Replicating natural conditions in experimental tanks is difficult, and recruits in the laboratory grew less than the ones in Sainte Marguerite (obtained from the in-situ technique). For restoration actions it is counselled to transplant the recruits after a few weeks (Falace et al., 2018; De La Fuente et al., 2019; Savonitto et al., 2021).

The recruits of the two field experiments were obtained using different techniques that were chosen in function of the characteristic of each site (e.g., forested/no forested, past presence of a forest, potential herbivory pressure; Cebrian et al., 2021). It is therefore not possible to compare the results obtained at Sainte Marguerite with the ones obtained at Beaulieu and Passable. In the rockpool system in Sainte Marguerite, natural and artificial seedling (in-situ technique) with substrate provision was used, as it is the one preferred for sheltered locations with low herbivory pressure (Cebrian et al., 2021). While in the deforested open coast, in Beaulieu and Passable, the ex-situ technique was prioritized as it is the one recommended for deforested and more hydrodynamic locations (Cebrian et al., 2021). However, the herbivory pressure can change in function of the characteristics of the experimental locations (e.g., the physical environmental conditions and the structure of the benthic communities; Lubchenco, 1986; Medrano et al., 2020). Ferrario et al. (2016) observed how individuals from the same species (fishes and decapods) exerted a stronger herbivory pressure on artificial habitats than on natural ones, and the same could have happened during our experiments in the urbanized coast of Beaulieu and Passable. Another study (Gianni et al., 2018) performed on the open infralittoral fringe of the French Riviera (N-W Mediterranean Sea), where sea urchins were not present, already concluded that S. salpa was the most efficient grazer on adult Ericaria amentacea (formerly Cystoseira amentacea), potentially limiting the success of restoration actions. Therefore, recruits obtained in the rockpool system within an existing Cystoseira s.l. forest (Sainte Marguerite) could have been less affected by herbivores because of the lager abundance and variety of other palatable species of macroalgae present in the site.

The mesocosm experiment performed in this study is a first approach for elucidating which other species, apart from the most studied ones (mainly sea urchins and herbivorous fish), can have a role in the grazing of recruits of Cystoseira s.l. spp. Ferrario et al. (2016) already highlighted that most species consuming or interacting with Cystoseira s.l. spp. are usually classified as omnivorous rather than herbivorous. During our mesocosm experiment, the mesograzer that had the highest and fastest consumption rate of recruits of C. compressa was Idotea balthica. It is worth noting that different results could have been obtained if proposing other extra food sources to the mesograzers in the tanks. I. balthica is the most widespread Idoteidae in European Seas (Guarino et al., 1993) and is frequently used as model species to study the interactions between macroalgae and herbivores (Gutow et al., 2014; Lavaut et al., 2022). This species can be found living in macroalgal communities including marine forests (Guarino et al., 1993; Gozler et al., 2010; Lavaut et al., 2022), and it is an important consumer of forest-forming brown macroalgae, such as the shallow Fucus vesiculosus in the Atlantic (Kotta et al., 2000; Jonne et al., 2006; Vesakoski et al., 2008; Molis et al., 2010; Schaal et al., 2016). I. balthica has an important grazing effect on structuring F. vesiculosus populations in the Baltic Sea, preferring younger tissue over older (Engkvist et al., 2000; Boström and Mattila, 2005) and, according to our results, could also play an important role in grazing recruits of shallow Cystoseira s.l. spp. in the Mediterranean Sea.

A significant biomass loss of recruits of C. compressa recruits was also observed in the presence of Cerithium vulgatum and Clibanarius erythropus (both omnivores). Few previous studies have shown that molluscs and decapods in particular can have consumptive (i.e., grazing) and non-consumptive (i.e., clipping and cutting the thalli) behaviours with recruits and adults of macroalgae, including Cystoseira compressa (Lubchenco, 1983; Perkol-Finkel et al., 2012; Ferrario et al., 2016; Gianni et al., 2017). Even if, in our experiment, the amphipod (Gammarus sp.) did not graze on recruits of C. compressa, it is reported that amphipods can heavily feed on brown macroalgae (Duffy and Hay, 2000) including Fucoids (Jonne et al., 2006). Even if macroalgal species, including Cystoseira s.l. spp., contain metabolites such as phenolic compounds, especially on young tissue, that deter herbivores’ feeding, this chemical defence is not enough to prevent grazing. Interestingly, Cerithium vulgatum, known to be resistant to the chemical deterrence of Posidonia oceanica extracts (Vergés et al., 2007), was one of the more abundant species in our experimental sites and was observed grazing on Cystoseira compressa recruits. Nevertheless, the feeding behaviour and preferences of different native and invasive species (e.g., sea urchins and herbivorous fishes) could be modified under global change (Vergés et al., 2014; Asnaghi et al., 2020). Chemical defences, such as phlorotannins, present in Fucoids could be as well affected by climate change, as is the case of F. vesiculosus, making macroalgae more susceptible to grazing (Raddatz et al., 2017; Kinnby et al., 2021). The palatability of macroalgal species can change under ocean warming, elevated pCO2, increased salinity, and nutrient conditions, enhancing grazing and constituting an additional threat under future climate change scenarios (Asnaghi et al., 2013; Gutow et al., 2014; Kinnby et al., 2021; Mitterwallner et al., 2021; Illa-López et al., 2023).

In conclusion, several mesograzers can potentially feed on Cystoseira s.l. recruits and they have to be taken into account when planning marine forests protection and restoration actions. A case-by-case analyses of the particularities of each location is necessary, including both abiotic (e.g., water quality) and biotic (i.e., grazing pressure) factors, both natural and human-induced. Where the grazing pressure is high, solutions should be found, such as anti-herbivory devices adapted to the grazers present in the site (Gianni et al., 2020; Cebrian et al., 2021; Savonitto et al., 2021) and/or the regulation of grazer populations (Medrano et al., 2020; Sharma et al., 2021; Miller et al., 2022). The use of ex-situ cultivation techniques, allowing the installation in the field of larger individuals, can increase the survival of recruits against mesograzers (Verdura et al., 2018; Cebrian et al., 2021). These measures, however, will not address the underlying causes of the proliferation of herbivores and are unlikely to provide a long-term solution for the protection and restoration of marine forests and their ecosystem function and services (Miller et al., 2022). More studies are needed to predict how the feeding behaviour and preferences of different native and invasive species could evolve under climate change to evaluate the threat they can pose for future the conservation of marine forests.
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