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3D Photogrammetry Modeling Highlights Efficient Reserve Effect Apparition After 5 Years and Stillness After 40 for Red Coral (Corallium rubrum) Conservation in French MPAs
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Imaging the marine environment is more and more useful to understand relationships between species, as well as natural processes. Developing photogrammetry allowed the use of 3D measuring to study populations dynamics of sessile organisms at various scales: from colony to population. This study focuses on red coral (Corallium rubrum), as known as precious coral. Metrics measured at a colony scale (e.g., maximum height, diameter and number of branches) allowed population understanding and a comparison between an old (Cerbère-Banyuls reserve) vs. a new (Calanques National Park) MPA. Our results suggested a 5-year time step allows the appearance of a significant difference between populations inside vs. outside the Calanques National Park no-take zones. Red coral colonies were taller and had more branches inside no-take zones. A significant difference was still observable for the populations inside the Cerbère-Banyuls reserve after 40 years of protection, reflecting the sustainability and effectiveness of precautionary measures set by the reserve. The impacts at the local level (mechanical destruction) and those presumed to occur via global change (climatic variations) underline the need to develop strategies both to follow the evolutions of red coral populations but also to understand their resilience. Photogrammetry induced modeling is a time and cost effective as well as non-invasive method which could be used to understand population dynamics at a seascape scale on coralligenous reefs.
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INTRODUCTION

Marine protected areas (MPAs) efficiency is a great question when one species conservation is at stake. Conserving marine biodiversity through a “good environmental status” by 2020 was the initial aim of the Marine Strategy Framework Directive (2008/CE/56, DCSMM). Over the past decade, more and more interest has grown for marine conservation policies and assessing MPAs efficiency for fish (Lester et al., 2009), as well as sessile organisms (Linares et al., 2012).

Some Mediterranean MPAs have shown efficiency to protect sessile species such as endangered red coral (Corallium rubrum). Mediterranean red coral Corallium rubrum (Linnaeus, 1758) is a long-lived suspensivorous colonial octocoralliary belonging to the Corallidae family. Adult individuals are polyps living in clonal colonies that can bring together several hundred individuals (Torrents, 2007). This species is found in low light, strong hydrodynamic and low temperature conditions (Torrents, 2007; Linares et al., 2010) mainly colonizing overhangs, anfractuosities and cave entrances on hard substrates (Gibson et al., 2006).

Ocean acidification (Bramanti et al., 2013) and extreme climatic events endanger red coral (Perez et al., 2000; Garrabou et al., 2001; Crisci et al., 2011) as well as commercial exploitation (Lo Basso and Raveux, 2018) and anthropogenic disturbances (Garrabou et al., 2001; Crisci et al., 2011; Bramanti et al., 2013; Linares et al., 2013; Zapata-Ramírez et al., 2013). Population decrease could result in a general loss of ecological functionality in Mediterranean coastal ecosystems (Santangelo et al., 1993; Bruckner, 2009) as the red coral contributes to the consolidation of coralligenous substrate and structures the habitat of many species including algae, invertebrates, fish and microorganisms (Gibson et al., 2006).

However red coral conservation is a major challenge for policy makers wishing to both preserve natural habitats and maintain a traditional economic activity (Bonhomme et al., 2015). Conservation initiatives already exist and are being reinforced: in France, several Marine Protected Areas (MPAs) wishing to manage and maintain the populations of red coral have prohibited harvest from all [Cerbère-Banyuls Marine Natural Reserve (1974), Scandola Natural Reserve (1975), Côte Bleue Marine Park (1982), Bouches de Bonifacio Natural Reserve (1999)], or part of their perimeter [Calanques National Park (2012)].

Evolution of local conservative measures reflects existing conflicts of interest with successive changes in laws (Cau et al., 2013). These issues concern all the precious corals exploited (Bruckner, 2009; Santangelo et al., 2012). Nowadays after 30 years of protection in French and Spanish MPAs, the size of red coral colonies still does not reach the values of the primary populations suggesting that full recovery will require centuries of protection (Garrabou and Harmelin, 2002; Tsounis et al., 2006; Linares et al., 2010).

Red coral height growth rate is estimated at 1.78 ± 0.7 mm/year (Garrabou and Harmelin, 2002). Basal diameter growth is estimated around 0.62 ± 0.19 mm/year (Bramanti et al., 2005). Growth rates are influenced by environmental condition within the habitat as well as factors specific to the genetics and biology of individuals (Ledoux et al., 2010).

Moreover the study of these fragile sessile organisms is complex and was recently allowed by photogrammetry techniques (Drap et al., 2014). Photogrammetry has been used for more than 50 years in the fields of archeology and more recently in marine biology (Drap et al., 2013b) in order to collect various metrics describing an object of study, at scales ranging from the millimeter to hundred meters. It is an indirect and non-invasive measurement technique (Bythell et al., 2001; Burns and Delparte, 2017) that has been validated in various studies on long-lived benthic species (Linares et al., 2010). It also reduces the time spent underwater, thus reducing the constraints and risks associated with diving. Despite a long post-processing time, this technique provides reusable raw data for additional measurements and a posteriori parameter analysis. Photogrammetry is based on the construction of 3D models of an object from a set of 2D photos using the principle of triangulation (Ludvigsen et al., 2006). Under ideal conditions, these models allow measurements to be made with an accuracy of around 1/10 of a millimeter. Once the models have been reconstructed, it is then possible to carry out measurements with suitable software tools such as Arpenteur, developed for the study of red coral (Royer et al., 2018).

The present paper presents a comparison between two marine protected areas in the Mediterranean and their implication in red coral conservation: the 40 years old Cerbère-Banyuls Reserve (CB reserve) and the 5 years old Calanques National Park (Calanques NP). Using photogrammetry-born biometrics of the red coral populations, collected in various levels of protection of both MPAs, we constructed a Before-After-Control-Impact design (BACI) in order to test the following hypothesis: we hypothesize that there is a significant effect of the interaction between year and protection in the case of the Calanques NP but not in the case of the CB reserve, revealing the apparition of a reserve effect between sites outside (i.e., Control) vs. inside (i.e., Impact) no-take zones of the young Calanques NP between 2013 (i.e., before) and 2019 (i.e., after), while (ii) such reserve effect would be already present and maintain itself in the old CB reserve.



MATERIALS AND METHODS


Study Sites

The study sites are located inside and outside the protected no-take zones of two MPAs located along the Western Mediterranean French rocky coast, respectively, between Cap Bear and Cap Cerbère for the Cerbère-Banyuls Reserve populations, and between west of Marseille and La Ciotat for the Calanques National Park populations (Figure 1), located 350 km from each other. Cerbère-Banyuls Reserve (42°28′18″N, 3°9′53″E) covers 650 ha and encompasses 2 zones, a central no-take zone (i.e., “full reserve”), where all activities are prohibited except for scientific surveys and a peripheral “partial reserve” zone where small-scale and recreational fishing and diving are permitted with some restrictions. Red coral harvesting as well as other fishing activities have been banned inside the Cerbère-Banyuls marine reserve since 1974. The substrate is mostly schist stone and detrital sediments (Flemming, 1972). Calanques National Park (43°12′34″ N, 5°26′57″ E) covers 43,500 ha and encompasses 2 zones as well: several no-take zones (i.e., “full reserves”) where any fishing or harvesting activities are prohibited since 2013 and a surrounding “partial reserve” where fishing and recreational diving and fishing are still partly permitted. The substrate in the Calanques National Park is mostly limestone (Flemming, 1972). In both MPAs, these zones displaying full and partial protection are surrounded by unprotected “outside reserve” zones (Figure 1).
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FIGURE 1. Study areas with Calanques national park (A) and Cerbère-Banyuls reserve (B).


The red coral settlements in these regions are characterized by a frequent occurrence in shallow overhangs and cavities on hard substrate (Torrents, 2007). We studied shallow red coral populations settled at depths ranging from 19 to 25 m.



Sample Collection and Photogrammetric Protocol

Corallium rubrum populations of the Calanques National Park and Cerbère-Banyuls reserve were studied using photogrammetry, an indirect and non-invasive method previously validated in a study on long-lived benthic species (Linares et al., 2010).

In the Calanques National Park, photogrammetric surveys were done at the studied sites during sampling campaigns performed in December 2013 (i.e., when the MPA was created) and in December 2019: five sites were located outside no-take zones (Bonhomme et al., 2015) [Castelviel (CAS), Figuier (FIG), Balise de l’Île Verte (IVB), Grotte à Corail (MGC), and Pharillons de l’Île Maïre (MPH)], three sites were located in the partial reserve [Petit Congloué (PCG), Grotte Pérès (PGP), Le Planier (PTP)]; and finally 2 sites were located inside the full reserve zone [South Riou 20 m (RRS_20) and South Riou 40 m (RRS_40)].

In Cerbère-Banyuls, photogrammetric surveys were done in December 2012 and December 2020 during sampling campaigns at three sites located outside the no-take zones [Sec à Joël (SAJ), Canadells (CAN), and Cap Béar (BCB)]; two sites located inside partial reserve [Sec à Yvan (SAY) Cap Abeille (BCA)]; and one site located inside the full reserve [Sec de Rédéris (BSR)].

In each MPAs, at both occasions, in each site, the surveys were done in the same populations i.e., patches of red coral colonies : in each site, red coral populations were haphazardly sampled using 20 cm × 20 cm quadrats (0.04 m2). For each site, between 19 and 41 quadrats were modeled (Table 1). For each quadrat, 3 photographs were taken with a Nikon D700 DSLR (sensor pixel density = 1.41 Mp/cm2) and a 20 mm lens, Nauticam housing with hemispherical window and two pairs of Ikelite DS160 flashes.


TABLE 1. Number of quadrats modeled for each site in Cerbère-Banyuls reserve (A) and Calanques National Park (B) in each protection status (FR, Full Reserve; PR, Partial Reserve; OR, Outside Reserve.
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The pictures were taken from slightly different angles in order to build the corresponding photogrammetric model with the Arpenteur software (Drap et al., 2013a, 2014). An angle of approximately 20° allows a high overlap of the pixels between the two images (50–70%) for a reliable 3D reconstruction (Royer et al., 2018). More than 20 coded targets, uniformly distributed on the quadrat, are measured automatically by the software. Each quadrat is previously calibrated and the targets are known in the reference system of the quadrat in which the measurements of the colonies were to be made. Orientation of the photos was done by bundle adjustment using the measures on the coded targets. The accuracy obtained on the targets is usually less than 1 mm (Drap et al., 2013a). Once the 3D model was obtained, the acquisition of the metrics describing the populations and colonies was carried out for each quadrat by selection of the homologous points so that the resulting 3D point is calculated by triangulation (Bythell et al., 2001; Drap et al., 2014, p. 2014; Royer et al., 2018). Resolution inside the quadrats was around 0.1 mm/px.

Metrics were measured at the scale of the colony. In each quadrat and for each colony three metrics were measured: number of branches, basal diameter, and maximum height (maximum distance between base and apex of a branch).



Data Processing, Statistical Design, and Analysis

Data considered as aberrant given the literature were excluded: this was the case for colonies exceeding 220 mm for their maximum size and 15 mm in basal diameter (Garrabou and Harmelin, 2002; Marschal et al., 2004). The aberrant data came from model distorsions due to underwater constraints in some quadrats which were removed from the analysis. Precision is around one pixel and the calculated mean distance error with Arpenteur tool was less than 0.5 mm (Royer et al., 2018).

We were interested in the descriptors of C. rubrum measured on colonies: (i) maximum height (ii) basal diameter, and (iii) number of branches, in order to test their responses to the following explanatory factors: protection, site and year. For both MPAs separately (Cerbère-Banyuls Reserve and Calanques National Park), we carried out permutational multi- or uni-variate analysis of variance (PERMANOVA) (Anderson et al., 2008) in order to determine the effect of the factors studied (site, year and protection and their interaction) on the descriptors of C. rubrum populations. The resemblance matrices were calculated from the initial data matrix containing, for each sample (i.e., the colony) a row displaying the response variable(s). The response variable was alternatively a multivariate set of data containing the combination of (i) maximum height (ii) basal diameter, and (iii) number of branches or a univariate data (i.e., each descriptor separately). Indeed, independently of potential differences in the multivariate combination of descriptors, understanding the population dynamics requires a further inspection of the individual behavior of each descriptor. In order to study the effect of explaining factors, two designs were used. A first design was set to assess the spatio-temporal variability of these descriptors, testing the effect of both the year and the site. Year was a two-level fixed factor (respectively, 2013 and 2019 for Calanques NP and 2012 and 2020 for Cerbère-Banyuls Reserve). Site was a random factor with 6 modalities for Cerbère-Banyuls reserve and 10 modalities for Calanques national park. A second design was set to test the effect of year and protection on the same response variables. Protection was a three-level fixed factor (Outside reserve, partial reserve and full reserve), while year was set as previously.

This BACI design (design 2) allowed us to test the hypothesis that there is an interaction between year and protection in the case of the Calanques NP but not in the case of the CB marine reserve; indeed it would reveal the apparition of a reserve effect between samples from outside (i.e., Control) vs. inside (i.e., Impact) no-take zones of the young Calanques NP between 2013 (i.e., before) and 2019 (i.e., after), while (ii) such reserve effect would be already present and maintain itself in the old Cerbère-Banyuls reserve. Such approaches are used in particular to detect significant changes indicative of the effect of ecosystem management (Underwood, 1981, 1992). In addition, the first design also allowed us to address the natural spatio-temporal variability of population descriptors.

For this inferential approach, Euclidean distance matrices were calculated from standardized data measured on all colonies (normalization by sum function on PRIMER). P-values were calculated by 999 residual permutations under a reduced model. When the number of permutations was below 200, Monte Carlo p-values were used (Clarke et al., 2014).

Since ecological data give rise to intrinsic inherent variability, significance was considered—for all designs—when p-value < 0.1. Data treatment and graphical representations were carried out using R 3.1.3 programming freeware (R Core Team, 2017) and PRIMER 6 software with PERMANOVA + add-on (Anderson, 2001; Clarke and Gorley, 2006; Anderson et al., 2008).




RESULTS


Red Coral Populations in Cerbère-Banyuls Reserve

In 2020, in Cerbère-Banyuls reserve on all 6 sites studied, a total of 1,186 arborescent colonies was found within the 217 quadrats (Table 2). In addition, a small number of individuals (n = 28) had abnormal measurements and were therefore removed from the dataset. The complete set presented a total of 1,158 individuals distributed over the 6 Cerbère-Banyuls studied populations.


TABLE 2. Number of colonies measured, mean and standard deviation of each metric for each site of Cerbère-Banyuls reserve and Calanques national park: maximum size, basal diameter, and number of branches for each site of each year in each protection status (FR, Full Reserve; PR, Partial Reserve; OR, Outside Reserve).
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Differences in population structure between sites were highlighted by a significant effect of the factor “site” as well as a significant interaction between year and site on the multivariate combination of metrics (PERMANOVA, p-value = 0.004, Table 3). In 2020, large disparities in the distributions of the three descriptors from one site to another were observed (Figures 2–4). The distributions of populations in site BCA and site BCB were similar and centered toward small values, whatever the descriptor. Some populations had an unimodal distribution (BCA, BCB, SAJ) while others had nearly uniform probability densities for maximum height, indicating that individuals were distributed more evenly. The colonies of BSR (in full reserve) were on average larger (μ = 87.49 ± 45.88 mm, Table 2) than in the other populations (Figure 2). For the populations of sites CAN and SAY, a second density peak was observed around 100 mm. The distributions in basal diameter were more homogeneous between populations than the maximum height distributions. Some populations showed a unimodal peak followed by an increase in probability density at higher values of basal diameter: CAN, BCA, SAJ, SAY. The distribution of BSR probability densities is the most homogeneous, with a peak around 7 mm of basal diameter. Finally, the number of branches per colony was distributed relatively differently from one population to another.


TABLE 3. Results of permutation analyzes of variance (PERMANOVA) in the Cerbère-Banyuls reserve and the Calanques national park MPAs via a design incorporating the “site” and “year” factors, applied for the multivariate matrix (maximum size; basal diameter; number of branches) and each univariate matrix.
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FIGURE 2. Cerbère-Banyuls reserve: representation of probability density functions by population of each site for the basal diameter variable (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the population in full reserve (BSR), in medium the populations in partial reserve (BCA, SAY), in clear the populations outside the reserve (BCB, CAN, SAJ).
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FIGURE 3. Cerbère-Banyuls reserve: representation of probability density functions by population of each site for the variable number of branches in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the population in full reserve (BSR), in medium the populations in partial reserve (BCA, SAY), in clear the populations outside the reserve (BCB, CAN, SAJ).
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FIGURE 4. Cerbère-Banyuls reserve: representation of probability density functions by population of each site for the variable maximum height (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the population in full reserve (BSR), in medium the populations in partial reserve (BCA, SAY), in clear the populations outside the reserve (BCB, CAN, SAJ).




Red Coral Populations in Calanques National Park

In 2019, in the Calanques National Park, 1,809 colonies of the “arborescent” type were found (Table 2). A small number of individuals (n = 59) had abnormal measurements and were therefore removed from the dataset. The complete set presented a total of 1,750 individuals distributed over the 10 Calanques sites.

In 2019, we observed large disparities in the distribution from one population to another when representing probability density of each site as a function of size classes for maximum height (Figure 5). Populations of sites CAS, PCG, PGP, and MPH showed decreasing distributions concentrated toward small values of height (between 29 ± 14.37 and 43.25 ± 20.05 mm, Table 2). Some populations had a unimodal height distribution (MPH, PCG, PGP) while others displayed bimodal (RRS_20, FIG) or even almost uniform (PTP) height probability densities indicating that individuals are distributed more evenly according to their maximum height. Basal diameter density probabilities were more homogeneous between populations (Figure 6). Some sites showed an unimodal peak followed by a resurgence in probability density of diameter at higher values: IVB, MGC, MPH, PCG, RRS_40. The distribution of PTP diameter probability densities is the most homogeneous, with a slight peak around 7 mm. The number of branches per colony is distributed relatively differently from one population to another (Figure 7). All sites displayed populations with an unimodal distribution of number of branches but with some disparities.
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FIGURE 5. Calanques national park: representation of probability density functions by population of each site for maximum height (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the populations in full reserve (RRS_20; RRS_40), in medium the populations in partial reserve (PTP, PGP, PTP), in clear the populations outside the reserve (MPH, CAS, FIG, IVB, MGC).
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FIGURE 6. Calanques national park: representation of probability density functions by population of each site for basal diameter (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the populations in full reserve (RRS_20; RRS_40), in medium the populations in partial reserve (PTP, PGP, PTP), in clear the populations outside the reserve (MPH, CAS, FIG, IVB, MGC).
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FIGURE 7. Calanques national park: representation of probability density functions by population of each site for the variable number of branches in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the populations in full reserve (RRS_20; RRS_40), in medium the populations in partial reserve (PTP, PGP, PTP), in clear the populations outside the reserve (MPH, CAS, FIG, IVB, MGC).


When we observe the evolution of each metric between 2013 and 2019 by site, we observed various dynamic between populations, which was reflected in a significant effect of year ∗ site interaction on the multivariate dataset (PERMANOVA, p-value = 0.001, Table 3). The maximum size increased between 2013 and 2019 for all Calanques NP populations regardless of whether or not they are located inside the protection of the Calanques national park except for site Castelvieil (CAS) (Table 2).



Protection Effect in Cerbère-Banyuls Reserve and Calanques National Park


Cerbère-Banyuls Reserve

In Cerbère-Banyuls reserve we observed a significant interaction between year and protection for the multivariate matrix (PERMANOVA, p-value = 0.022, Table 4), as well as for the univariate maximum height (PERMANOVA, p-value = 0.001, Table 4 and Figure 8) and the number of branches (PERMANOVA, p-value = 0.001, Table 4 and Figure 8). In 2020, the multivariate matrix revealed a significant difference between the populations of the full reserve and those located in the partial reserve (PERMANOVA Pair-wise comparison, p-value = 0.012, Table 5), which did not appear in 2012 (PERMANOVA Pair-wise comparison, p-value = 0.23, Table 5). Moreover the gap widens between population located outside reserve and inside full reserve from 2012 to 2020 (Figure 8). The one-to-one comparison of the three colony-scale metrics between 2012 and 2020 showed a significant effect of the interaction year ∗ protection status for maximum height (PERMANOVA, p-value = 0.001, Table 4) and number of branches (PERMANOVA p_value = 0.001, Table 4). It was confirmed when we observed graphically (Figure 8) a clearer increase from 2012 to 2020 of the difference in the maximum size and number of branches (than for basal diameter) when comparing full reserve vs. others levels. In 2012, the density functions (Figure 8) showed an almost total overlap within the Cerbère-Banyuls reserve (partial reserve and outside reserve) for the basal diameter. In 2020, there was an overlap between partial reserve and full reserve for the basal diameter distribution, considering a slight shift to the right for the full reserve modality. In 2020 for the maximum height there was a clearer shift toward higher values (Figure 8), as already confirmed by the results of the PERMANOVA (PERMANOVA p-value = 0.001, Table 4).


TABLE 4. Results of permutation analyzes of variance (PERMANOVA) in the Cerbère-Banyuls reserve (A) and the Calanques national park (B) via a design incorporating the year and protection factor (year as a fixed factor with 2 modalities; protection as a fixed factor with three modalities; interaction protection * year) for the multivariate matrix (maximum size; basal diameter; number of branches) and each univariate matrix.

[image: Table 4]

[image: image]

FIGURE 8. For Cerbère-Banyuls Reserve, representation of probability density functions and Tuckey boxplots by protection levels for each year for the variables (i) Maximum height (mm), (ii) Number of branches, and (iii) Basal diameter (mm). Sites outside reserve (in clear), in partial reserve (in medium gray), in full reserve (in dark). On density functions, mean are shown in a dotted line; Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles).



TABLE 5. Pair-Wise test result corresponding to the interaction between year and protection for the 3 descriptors.
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Calanques National Park

We observed a significant effect of the interaction between year and protection for the multivariate matrix (PERMANOVA, p-value = 0.001, Table 4), and univariate maximum height (PERMANOVA, p-value = 0.001, Table 4), basal diameter (PERMANOVA, p-value = 0.038, Table 4) and number of branches (PERMANOVA, p-value = 0.001, Table 4). The gap widens between outside the reserve and full reserve: in 2013 there was no significant difference in the number of branches between full reserve and outside reserve (PERMANOVA Pair-wise comparison, p-value = 0.649, Table 5), while there was a significant difference in 2019 (PERMANOVA Pair-wise comparison, p-value = 0.001 In the Calanques NP there was also a significant interaction between protection and year for maximum height (PERMANOVA Pairwise comparison, p-value = 0.001). Indeed in 2013 there was no significant difference of maximum height between outside reserve, partial reserve and full reserve (respectively, PERMANOVA Pairwise comparison, p-value = 0.8; p-value = 0.535; and p-value = 0.467, Table 5). Meanwhile in 2019 there was a significant difference between outside reserve and partial reserve (PERMANOVA Pairwise comparison, p-value = 0.032), outside reserve and full reserve (PERMANOVA Pairwise comparison, p-value = 0.001) and between partial reserve and full reserve (PERMANOVA Pairwise comparison, p-value = 0.001). These results highlighted the appearance of a reserve effect between 2013 and 2019 for maximum height and number of branches. Graphically (Figure 9) in 2013, the density functions showed almost total overlap between the sites located outside reserve and inside full reserve for number of branches and maximum height. In 2019, for the number of branches, a slight shift to the right of the density function was observed for the colonies in full reserve vs. the colonies inside partial and outside reserve. For the maximum height there was a clearer shift toward higher values for the colonies inside full reserve in 2019. Finally, concerning basal diameter, although the trend was not so clear, we still observed that in 2013 there was no significant difference between outside reserve and partial reserve (PERMANOVA, p-value = 0.923) whereas there was a significant difference in 2019 (PERMANOVA, p-value = 0.008): in 2019, the density functions showed a slight shift of the basal diameter to the right for the colonies in full reserve.
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FIGURE 9. For Calanques National Park, representation of probability density functions and Tuckey boxplots by protection levels for each year for the variables (i) Maximum height (mm), (ii) Number of branches, and (iii) Basal diameter (mm). Sites outside reserve (in clear), in partial reserve (in medium gray), in full reserve (in dark). On density functions, mean are shown in a dotted line; Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles).






DISCUSSION

This study provides valuable demographic data obtained through photogrammetry to help infer the long-term effects of effective protection on red coral populations in 2 Mediterranean MPAs, which encompass an important geographic scale (up to about 450 km).


Protection Strategies Impact Red Coral Populations Locally


In Calanques National Park

In our BACI design, for the Calanques National Park, we highlighted a significant interaction between protection and year on colony scale metrics (for the multivariate matrix, for maximum height, basal diameter, and for number of branches) reflecting the apparition of a reserve effect in 2019 whereas it was absent in 2013. Indeed in 2013, right after the MPA was created, no significant differences existed between colonies located outside reserve and inside reserve regarding maximum height and number of branches. However in 2019 the mean number of branches as well as the maximum height were significantly higher inside. Additionally we have seen that probability densities had changed between 2013 and 2019 for the 3 metrics at the colony scale with distinct patterns for those inside vs. outside no-take zones. These results seem to reflect the effectiveness of no-take zones where impacts are limited (coral harvesting interdiction, as well as regulated fishing) and the conditions are thus favorable to red coral. These results provide evidence for reinforced protection zones effectiveness for red coral conservation and therefore of its habitat in the Calanques National Park. Establishment of no-take zones has benefited red coral populations by limiting exploitation as well as accidental destruction by fishing gear and overall enhanced conservation conditions.

South Riou populations (RRS_20 and RRS_40) showed growth rates overpassing what is known in the wild. Previous studies already shown very high fertility on this site (Garrabou and Harmelin, 2002) and equivalent growth rates have already been obtained in a controlled environment (Goff et al., 2017). Local environmental conditions might explain these observed growth rates: little light and low temperatures [around 13°C in February; and 20°C in August (Vielzeuf et al., 2013)], proximity to a major coastal upwelling zone (Millot and Wald, 1980), influencing the diversity of organisms on the substrate (Oscarella spp., Reniera fulva, Crella mollior, Aplysina cavernicola as well as overpulids and bryozoa), lack of competition (Montero-Serra et al., 2018) as well as the composition of the microbiome (Van de Water et al., 2018). Castelvieil (CAS) observed a still different dynamic. A decrease in the maximum size was observed between 2013 and 2019 (36.62 ± 21.4–29.05 ± 14.37 mm) and in the number of branches (5.7 in 2013; 2.85 in 2019). These results reflect a mechanical destruction that was also detected by image analysis. This illustrates the effectiveness of the photogrammetric monitoring method to detect one-off events.



In the Cerbère-Banyuls Reserve

Concerning Cerbère-Banyuls reserve, descriptors differed from 2012 to 2020, illustrating a global natural growth of colonies. Moreover, a strong protection effect is present whatever the year, suggesting conservation measures maintain its efficiency to protect red coral.

We have highlighted a significant difference between protection levels: there is a significant effect of the protection status on maximum height and number of branches. We have also highlighted a significant effect of the interaction between year and protection status for the number of branches and maximum height, which reveals that between 2012 and 2020 the gap widens between populations from different protection statuses and in particular between partial and full reserve.

Thus, the forty years of protection carried out by the Cerbère-Banyuls reserve have significantly influenced the populations of red coral. The colonies within the full reserve are larger and more tree-like than those located in the partial reserve and outside the reserve (where both professional fishing and recreational diving are allowed). In fact, a maximum size gradient is observed according to the protection gradient: it has been observed that the maximum size is significantly greater in the full reserve, decreases in the partial reserve and was even smaller outside the reserve.

Given the current state of populations within the reserve, it seems conservation measures set by the Cerbère-Banyuls reserve such as limited use, security and guarding measures show efficiency. This is consistent with the conclusions of many authors who highlight the effectiveness of strengthened measures such as no-take zones for marine ecosystems conservation (Sala et al., 2018; Zupan et al., 2018). Our results are thus arguments encouraging perpetuating or even strengthening these measures. In addition, it should be reminded that deep populations may be able to constitute a genetic refuge for populations (Priori et al., 2013; Cannas et al., 2016) and therefore could also be the subject of conservatory measures.



Comparison Between Calanques National Park and Cerbère-Banyuls Reserve

Thus, our results are consistent with the conclusions of many authors who emphasize the effectiveness of enhanced measures such as no-take zones for the conservation of marine ecosystems (Sala et al., 2018; Zupan et al., 2018). The old CB reserve still show efficiency to conserve its red coral populations, and a 5-year step allowed the appearance of a reserve effect in the recently settled Calanques national park. Our study sets a comparative data baseline and thus makes it possible to follow the dynamics of red coral which is essential: understanding the life cycle of long-lived species subjected to both exploitation and natural disturbances is an essential prerequisite for conservation (Garrabou and Harmelin, 2002).




Implications for Red Coral Conservation Across the Mediterranean

Red coral is endemic to the Mediterranean but subject to various regulations depending on the area considered, which can sometimes be a source of conflict (Cau et al., 2013; Bruckner, 2014; Cannas et al., 2016; Cattaneo-Vietti et al., 2016). It appears to be a need for harmonization of management practices at the species range level because public authorities do not seem to follow: in 2020, red coral was still not listed under the CITES (Convention on International Trade in Endangered Species of Wild Fauna and Flora).

Achieving red coral conservation and broadly coralligenous habitats in the Mediterranean needs an adaptation of managers to local needs for conservation at the range scale (Giakoumi et al., 2013; Vassallo et al., 2018). Enhanced protection measures such as no-take zones and full reserves have been demonstrated to be the most effective in protecting marine biodiversity and new initiatives need to be taken (Casale et al., 2018; Sala et al., 2018). However only 0.04% of the Mediterranean Sea is affected by such measures to date (PISCO., 2016). Investigating the socio-economic impacts of management measures and governance perception by users appears to be a good way to better understand the territory in order to manage it. Finally, such work could provide a global vision of both management and conservation of red coral in the Mediterranean and act in favor of the species and its habitat (Costantini and Abbiati, 2016).



Facing Global Changes


Connectivity

Aurelle et al. (2011) showed that the genetic structures of red coral populations corresponded to the habitat gaps available between Marseille and Catalonia as well as in the Adriatic. This highlights the need of reinforced conservation measures across the range. Some authors emphasize the need to include the conservation of genetic variation and population structure as one of the goals of red coral management (Santangelo et al., 2012; Cattaneo-Vietti et al., 2016) while others recall its functionality within the coralligenous (Ballesteros, 2006). This induces the need to take local initiatives to conserve the species and in particular shallow perennial populations such as those of Cerbère-Banyuls and Calanques national park when global warming and extreme climatic events are a growing threat in the face of thermo-tolerance of 25°C (Torrents, 2007).



Extreme Climatic Events

Our study populations are located at the edge of the range of the French Mediterranean, in areas whose hydrogeographic conditions explain why they are the least impacted by massive mortality episodes due to extreme weather events (Bally and Garrabou, 2007; Garcia-Rubies et al., 2009; Calvo et al., 2011; Crisci et al., 2011).



Climate Change

However, the evolving risk minimization strategy (Stearns, 1992; Bramanti et al., 2005; Torrents, 2007; Linares et al., 2010; Torrents and Garrabou, 2011) that red coral seems to follow is adapted to species in habitats where environmental conditions are stable but could pose serious challenges for the conservation of shallow populations in the current context of climate change (Linares et al., 2013). It could therefore be interesting to study population genetics by comparing Calanques national park and Cerbère-Banyuls populations to understand their resilience to future disruptions such as the introduction of invasive species, major climate events similar to those of 1999 or 2003 and more broadly global climate change.

However, if shallow populations are the most resistant due to their exposure to significant seasonal variations in temperature (Ledoux et al., 2010; Haguenauer et al., 2013), deep populations might be able to repopulate shallower ones (Bongaerts et al., 2017), reflecting the importance of implementing conservation measures for the latter. Thus, global strategies appear capital while defining management measures at the local level, particularly through MPA managers networking (e.g., MedPAN). This highlights a real need for a monitoring network for vulnerable ecosystems (Danovaro et al., 2017; Montero-Serra et al., 2018) and more, the need to involve MPA managers and stakeholders in conservation and not only surveillance. Subsequently, an interest could be focused on implementing measures to restore populations in the Mediterranean (Aurelle et al., 2011; Montero-Serra et al., 2018).




Perspectives

In the present study, photogrammetry tools were used at the scale of the quadrats. However, it might be interesting to think about the scale of the underwater landscape. Seascape as indeed been proven to be an adequate study scale to better understand marine life mechanisms (Cuadros et al., 2017; Smeltz et al., 2019). In this context, modeling via photogrammetry can provide information on species coverage and in particular the spatial dynamics of sessile species over time (Burns et al., 2015; Casella et al., 2017; Ferrari et al., 2017a, b). Indeed, if the image processing takes longer than for a study using photoquadrats, the information that can be extracted from them is unprecedented. During a study using photoquadrats, biases may appear, especially if the field operator is different between the field campaigns: the exact location of the sites can be tricky. This study allows to minor human bias in comparison to in situ study: site localization might not be easy in turbid waters context such as in Cerbère-Banyuls.

Representing a site at the scale of the seascape helps limit these bias. 3D modeling of seascapes allows to locate the distribution of red coral patches on a landscape scale and thus realize their position within the coralligenous habitat: overhanging rocks. Modeling can make it possible to take account of changes in the distribution of fixed fauna and it could be interesting to develop these tools for the conservation of red coral populations in MPAs. These tools might give better insight of population dynamics of sessile organisms throughout time (Burns et al., 2015; Ferrari et al., 2016, 2017b). Besides, the use of photogrammetry still lacks to study coralligenous habitats and particularly relations between coralligenous 3D structure and its associated vagile fauna and communities.




CONCLUSION

Finally, our results underlined once more the need to engage conservation efforts in the Mediterranean to conserve sessile fauna. All of these data highlighted the effectiveness of MPAs and the real need to structure a monitoring network for these vulnerable ecosystems (Danovaro et al., 2017; Montero-Serra et al., 2018) and in particular of these populations of indicator species. In this sense, initiatives exist to use coralligenous species (gorgonians, corals) as indicators. Such indicators are the subject of current discussions within the framework of the European framework directives and it is desirable that these consultations lead to the long-term support and sustainability of such large-scale spatial surveillance networks. With this long-term objective, we highlighted in our study the usefulness of photogrammetry and 3D metrics as efficient and cost-effective methods allowing large-scale and long term monitoring based on reliable tools.
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Sources of variation are: "year”, a fixed factor with 2 modalities; “site”, a random
factor with 6 modalities for Cerbere-Banyuls reserve and 10 modalities for
Calanques national park; and the interaction “year * site”. Significance: P < 0.1;
*P < 0.05, P < 0.01; P < 0.001. P-values were obtained using 999 residuals
permutations under a reduced model.
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Sites Number of colonies Protection Maximum height (nm) Basal diameter (mm) Number of branches

measured
Mean SD Mean SD Mean SD
2020 Cerbére-Banyuls reserve BCA 114 PR 53.86 35.53 10.22 6.11 5.03 4.27
BCB 119 OR 48.34 27.96 11.32 6.85 2.75 3.21
BSR 98 FR 87.49 45.88 11.77 5.34 6.86 6.25
CAN 90 OR 56.45 28.73 9.21 5.25 b:25 3.77
SAJ 113 OR 36.18 20.98 7.95 3.82 2.31 2.16
SAY 90 PR 62.07 32.10 10.64 6.59 8.56 6.24
2012 Cerbére-Banyuls reserve BCA 101 PR 39.59 28.08 6.21 3.42 4.89 2.20
BCB 97 OR 27.76 18.01 6.45 4.59 2.75 1.89
BSR 172 FR 51.84 33.80 8.25 5.63 6.07 2.78
CAN 44 OR 55.58 26.35 7.81 4.05 4.93 3.12
SAJ 78 OR 21.99 11.60 6.05 2.14 231 1.45
SAY 32 PR 59.29 29.90 6.77 2.52 8.10 3.26
2019 Calanques national park CAS 75 OR 29.05 14.37 6.81 3.71 2.85 2.15
FIG 69 OR 53.12 22.51 6.00 2.85 7.29 5.01
VB 102 OR 41.92 15.37 6.71 3.76 4.39 2.68
MGC 95 OR 49.60 20.71 6.19 3.38 5.26 3.27
MPH 110 OR 43.25 20.05 6.23 3.30 4.78 3.58
PCG 114 PR 35.58 16.04 8.57 3.16 345 2.27
PGP 98 PR 40.02 14.65 7.05 3.25 410 2.54
PTP 80 PR 50.60 2713 791 3.85 4.51 3.09
RRS_20 84 FR 84.18 21.48 7.23 2.80 8.93 5122
RRS_40 94 Rl 47.53 18.23 6.54 3.76 4.66 2.78
2013 Calanques national park CAS 82 OR 36.62 21.40 5.61 2.09 5.69 4.48
FIG 100 OR 29.63 14.20 4.90 1.87 4.42 3.03
VB 100 OR 20.31 12.91 4.36 1.85 2.31 1.96
MGC 90 OR 38.72 18.63 7.61 3.94 5.88 4.87
MPH 97 OR 25.94 16.37 6.06 3.26 3.06 3.04
PCG 93 PR 30.88 15.99 6.01 2.70 3.54 2.38
PGP 100 PR 3243 18.20 5.29 2.67 3.39 2.55
PTP 99 PR 27.10 17.52 572 2.93 2.82 2.05
RRS_20 99 FR 37.61 21.24 5.93 2.38 4.54 827

RRS_40 108 FR 21.63 16.80 4.28 1.62 2.34 2.09
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Area Variable Year Protection modality Pairwise p_value

Cerbére-Banyuls reserve Multivariate matrix 2012 PR vs. OR 0.001***
PR vs. FR 0.23
ORvs. FR 0.013**
2020 PR vs. OR 0.029
PR vs. FR 0.012*
ORvs. FR 0.001***
Cerbere-Banyuls reserve Number of branches 2012 PR vs. OR 0.206
PR vs. FR 0.667
ORvs. FR 0.06*
2020 PR vs. OR 0.222
PR vs. FR 0.364
ORvs. FR 0.001***
Maximum height 2012 PR vs. OR 0.001**
PR vs. FR 0.07
ORvs. FR 0.001***
2020 PR vs. OR 0.001**
PR vs. FR 0.001**
ORvs. FR 0.001 ***
Calanques national park Multivariate matrix 2013 PR vs. OR 0.274
PR vs. FR 0.002***
ORvs. FR 0.002***
2019 PR vs. OR 0.032**
PR vs. FR 0.001***
ORvs. FR 0.001***
Calanques national park Maximum height 2013 PR vs. OR 0.8
PR vs. FR 0.535
ORvs. FR 0.467
2019 PR vs. OR 0.032**
PR vs. FR 0.001***
ORvs. FR 0.01*
Basal diameter 2013 PR vs. OR 0.923
PR vs. FR 0.043"
ORvs. FR 0.035"
2019 PR vs. OR 0.008***
PR vs. FR 0.288
ORvs. FR 0.25
Number of branches 2013 PR vs. OR 0.002%**
PR vs. FR 0.011*
ORvs. FR 0.649
2019 PR vs. OR 0.001**
PR vs. FR 0.002***
ORvs. FR 0.001***

Pairwise comparisons of the 3 modalities of the protection factor (FR, Full Reserve; PR, Partial Reserve; OR, Outside Reserve) for each modality of the year factor (2012
and 2020 for Cerbére-Banyuls reserve, 2013 and 2019 for Calanques NP). Significance: P < 0.1; *P < 0.05; **P < 0.01; **P < 0.001. P-values were obtained using 999
residuals permutations under a reduced model. The multivariate matrix includes the 3 morphometrics (Basal diameter, Number of branches and Maximum height).
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Variable Factor P-perm Number of
permutations

(A) Cerbére-Banyuls reserve Multivariate matrix

Protection 0.001** 999
Year 0.003*** 999
Protection * year 0.022* 999
(A) Cerbére-Banyuls reserve Univariate
Maximum height Protection 0.001** 998
Year 0.001*** 997
Protection * year 0.001** 997
Basal diameter Protection 0.945 999
Year 0.704 997
Protection * year 0.883 998
Number of branches Protection 0.001** 998
Year 0.001*** 997
Protection * year 0.001** 999
(B) Calanques Protection 0.287 338
national park
Multivariate matrix
Year 0.001*** 998
Protection * year 0.001** 288
(B) Calanques national park Univariate
Maximum height Protection 0.001** 997
Year 0.001** 998
protection * year 0.001** 999
Basal diameter Protection 0.051 336
year 0.01* 999
Protection * year 0.038* 995
Number of branches Protection 0.001** 339
Year 0.001*** 998
Protection * year 0.001** 888

Significance: P < 0.1; *P < 0.05; P < 0.01; **P < 0.001. P-values were obtained
using 999 residuals permutations under a reduced model.
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(A) Population Protection Number of quadrats  Number of quadrats

modeled in 2012 modeled in 2020
BCA PR 21 26
BCB OR 20 43
BSR FR 31 29
CAN OR 20 41
SAJ OR 19 35
SAY PR 15 42
(B) Population Protection Number of quadrats  Number of quadrats
modeled in 2014 modeled in 2019
PTP: PR 19 20
PGP OR 31 45
PCG PR 17 24
RRS_20 FR 22 73
RRS_40 FR 18 20
CAS OR 9 20
FIG PR 23 31
VB OR 18 23
MGC OR 15 17

MPH OR 26 29





