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Abstract

:

Porifera are essential components of marine ecosystems, providing valuable ecological functions. Traditional approaches to estimating sponge growth and biomass are destructive and often not suitable for certain morphologies. The implementation of new innovative techniques and nondestructive methodologies have allowed for a more sustainable approach. In this study, a population of Sarcotragus foetidus Schmidt, 1982 (Demospongiae, Dictyoceratida, Irciinidae), thriving inside the Portofino Marine Protected Area, was monitored using Structure from Motion photogrammetry over a period of 6 years, from September 2017 to October 2023. Of the 20 initial individuals, only 12 were still in place during the last monitoring, indicating 40% mortality. Through photogrammetry, the overall volume change and biomass production were estimated to be 9.24 ± 5.47% year−1 and 29.52 ± 27.93 g DW year−1, respectively, indicating a general decreasing trend between 2021 and 2023. Signs of necrosis were observed in some individuals, potentially related to the high temperature occurring during summer 2022 and 2023. Considering the current climate crisis, long-term monitoring efforts must be made to better understand the dynamics of this species, and photogrammetry has the potential to be a versatile monitoring tool that will contribute to the standardization of methodologies for sponge growth studies.
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1. Introduction


Being sessile filter feeders, Porifera constitute an essential component of marine ecosystems through their role in competitive interactions, bioerosion, benthic–pelagic coupling, carbon flux, and seawater filtration [1,2,3,4,5,6]. Recently, they have been identified as a precious source of bioactive compounds, as well as an effective model for biotechnological studies and biomonitoring tools for a wide range of pollutants (e.g., trace elements and persistent organic pollutants, among others), e.g., [7,8]. Despite their crucial functional role in marine ecosystems, little is known about the life traits of sponges (e.g., life span, growth rates, and reproductive cycles, among others) [9,10]. The variation in morphology and growth that can occur between locations, populations, or seasons contributes to the complexity related to this topic [11,12]. Although growth rates have been defined for a few species [1], clear indicators of their annual growth, useful to easily determine rates and age, are still lacking [13].



Estimating sponge growth and biomass traditionally relies on destructive approaches (i.e., wet weight, dry weight, radiocarbon dating methods), e.g., [14,15], often fatal for the organism and not adapted to all sponge growth habits (e.g., encrusting, rope-like, tubular, or massive) [13]. Current methods mainly record two-dimensional (2D) metrics (e.g., planar projection photography), e.g., [9,12,16], even though sponges often present complex three-dimensional (3D) structures [13]. Recently, technological and methodological advancements are helping to develop new techniques to capture 3D features in underwater environments [17]. While earlier 3D imaging methods, such as stereo-photogrammetry, required dual-camera equipment and technical expertise for their implementation [18], the increase in computational power along with the advancements in computer vision algorithms have resulted in the development of Structure from Motion (SfM) photogrammetry, one of the most popular modern procedures [17]. This technique can be applied using a single camera, allowing accurate 3D digital reconstructions from a series of overlapping images [13].



In coralligenous assemblages, one of the most important habitats of the Mediterranean Sea [19], Porifera are among the dominant sessile organisms, with species presenting a variety of growth forms, from erect or massive 3D shapes to encrusting and boring species [20]. In past decades, Mediterranean sponges have followed the fate of many other sessile organisms (e.g., gorgonians, bryozoans, crustose coralline algae), suffering repeated mass mortality events, especially involving those species with a massive shape [21,22,23]. Sarcotragus foetidus Schmidt, 1862 (Demospongiae, Dictyoceratida, Irciinidae), is an irregularly massive sponge with a skeleton made of spongin fibers embedded with sandy debris. S. foetidus is considered one of the main ecosystem engineers of coralligenous habitats thanks to its structural complexity and the wide aquiferous system, which act as a refuge for many organisms (e.g., Annelida, Crustacea, Mollusca) [24,25,26,27]. Its major threats have been identified as artisanal fishing activities, which eradicate them from the substrate through entanglement in their gear, and the increase in the frequency of mass mortalities linked to periods of anomalous high temperatures [23,28]. Moreover, the species may be exploited due to its potential for use in biomedical applications [29,30]. For these reasons, the species is listed in Annex II of the SPA/BD Protocol of the Barcelona Convention [31].



To the best of our knowledge, no information regarding the growth patterns of this species is currently present in the literature. Thus, the main aim of the current study was to test the feasibility of an innovative technique known as SfM-photogrammetry to assess the growth (volume and biomass production), changes in shape, and eventual disease progression of wild individuals of S. foetidus in the Portofino Marine Protected Area (MPA). The development of 3D cost-effective approaches to monitor sponge growth, morphological changes, and the effect of disease/stressors represents a step forward in the monitoring of sessile organisms, making photogrammetry a powerful tool in the implementation of tailored conservation measures and species-based management plans.




2. Materials and Methods


2.1. Study Area, Image Acquisition, and Photogrammetric Processing


The monitored individuals of S. foetidus are located on the same boulder at Punta del Faro, Portofino MPA (North-Western Mediterranean [32]) (Figure 1a). From an oceanographic perspective, this area is affected mainly by the Ligurian current, which, together with the narrow continental shelf, produces a highly hydrodynamic tunnel effect in the coast moving from east to west [33]. All individuals surveyed were detected on a wide rock, covering a depth range between 15 and 27 m, where in the past, only a facies of the macroalgae Ericaria zosteroides (C. Agardh) Molinari & Guiry 2020 was present and disappeared after the 1999 and 2003 thermal anomalies [22]. Considering the simultaneous appearance of sponges, noticed for the first time in 2014, it is considered that they came from the same recruitment episode; therefore, they are all approximately the same age (Figure 1b,c).



Sampling activities were carried out in September 2017 (t1), November 2021 (t2), and October 2023 (t3). A GoPro Hero 4 Silver equipped with a 12 Mpixel CMOS f2.8 lens, underwater housing, and an artificial lighting system composed of two 25W Polar Pros was used for the t1 photographic sampling. Meanwhile, a Sony RX100 V camera system equipped with a ZEISS® Vario-Sonnar T* f/1.8–2.8 24–70 mm lens, underwater housing, and an artificial lighting system composed of two Akkin 5000s was used for the t2 and t3 photographic sampling. The photographic protocol consisted of (i) the placement of metric references close to the surveyed sponge individuals and (ii) the capture of a series of overlapping images (40 to 60 pictures). Images were taken around each sponge at an approximate distance of 0.5 m, covering any possible perspective and ensuring a minimum of 60% overlap among consecutive images [34].



To produce the digital reconstructions from the collected images, the software Agisoft Metashape v. 1.8.2. (Agisoft LLC, St. Petersburg, Russia) was used. Camera calibration was implemented automatically as part of the Metashape workflow. First, a set of images was aligned using high-accuracy generic pair selection settings to produce point clouds, limiting the key point limit identification per megapixel to 4000 common features and the tie point limit to 1000. From the sparse cloud, a dense point cloud was obtained, and a mesh was produced with an arbitrary 3D surface type from the dense cloud data, a high face count, and interpolation disabled. To scale up the 3D reconstructions, the deployed metric references were manually detected in the imagery dataset and used to create scale bars in the reference settings.



The overall photogrammetric process to generate, clean, and measure each 3D reconstruction took around 30 min of processing time per sample and sampling time step, using a Lenovo Legion laptop (Beijing, China) with an Intel Core i7-9750H 2.60-GHz processor (Intel Corporation, Santa Clara, CA, USA), 32 Gb RAM, and an NVIDIA GeForce RTX 2060 graphic card (NVIDIA Corporation, Santa Clara, CA, USA).




2.2. Volume and Biomass Estimations


To estimate the volume of each S. foetidus, any elements not constituting the surveyed sponge present in the 3D reconstructions (i.e., substrate, metric references, or other benthic organisms) were removed. Subsequently, by using the “close holes” tool inside the mesh toolbox of Agisoft Metashape, the mesh was closed and the volume of each sponge calculated.



To estimate the biomass changes in each individual monitored using SfM-photogrammetry, only in t1, samples of other S. foetidus (n = 13) of similar size were collected in the surrounding area at a similar depth. Samples were weighed and their volume calculated with the water displacement method (i.e., mL of displaced water in a graduated cylinder) [35,36]. Then, samples were dried in an oven at 60 °C for 48 h and weighed a second time to obtain the dry weight (DW) biomass of each sample.




2.3. Analysis of S. foetidus Morphological Changes


To assess potential changes in the morphology and shape of the monitored sponges, distance-based mesh comparisons were performed using CloudCompare v2.12 (2022) open-source software. To do so, the models corresponding to the three sampling events (t1, t2, and t3) of the same sponge individual were imported into the software; a preliminary manual mesh alignment was performed and finished using the “fine registration” tool, limiting the number of iterations to 99. Once the three model meshes were aligned, using the substrate level as a reference to control the alignment, distances between the t1–t2 and the t2–t3 meshes were calculated by the “Cloud/Mesh Dist” tool.




2.4. Sea Surface Temperature (SST) Data and Marine Heat Wave (MHW) Detection


SST data were collected from the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface Temperature (OISST), a product with a global 1/4-degree gridded dataset of Advanced Very High-Resolution Radiometer-derived SSTs at a daily resolution. For MHW detection and description, the SSTs from 1 January 1982 to 31 December 2011 were considered, based on [37,38]. Each MHW was described in terms of intensity, cumulative intensity, duration, frequency, and category (I—moderate, II—strong, III—severe, and IV—extreme) (Table S1) by using the R package heatwaveR [39].




2.5. Data Analyses


The volume extracted from the 3D models of S. foetidus was expressed in dm3. Yearly changes in volume (reported as % year−1) were calculated as the difference between the volume of each sponge between t2 and t1, and t3 and t2.



The relationship between the volume and the DW biomass of the collected sponge samples was investigated by performing a regression. Data were tested for normality and homoscedasticity using Shapiro’s and Levene’s tests, respectively. A linear regression was then performed using the stats package in the R software v. 4.3.2 [40], and the obtained equation was used to estimate the biomass of the individuals of S. foetidus using the volume calculated from each of the 3D models. Biomass data were expressed in dry weight grams (g DW), and yearly changes in biomass (reported as g DW year−1) were calculated as the difference between the biomass of each sponge between t2 and t1, and t3 and t2.



The experimental design, aiming at testing differences in the volume and biomass changes per year of S. foetidus individuals, included one factor: time (random, 2 levels: t2–t1 and t3–t2). Before the analyses, data were tested for normality (Shapiro’s test) and homoscedasticity (Levene’s test); then, a repeated-measures Analysis of Variance (ANOVA) was performed. Since the yearly biomass data did not meet the assumption of normality, a Friedman test was run.



As for the biomass and volume analyses, also regarding the MHW descriptors, two periods were considered for the analyses: from September 2017 (t1) to November 2021 (t2) and from December 2021 to October 2023 (t3). Differences in the maximum and cumulative intensities, duration, and frequencies of MHWs were investigated between these two periods. Since the data did not meet the assumption of normality, Mann–Whitney tests were performed. Conversely, for the analyses of the SSTs, only the summer periods (from 21st June to 22nd September; Table S2) of each year of monitoring (2018–2023) were considered. Differences among summer SSTs of each year were investigated using the Kruskal–Wallis test, followed by Dunn’s post hoc comparison.



Statistical analyses were carried out using the free software PAST (Paleontological Statistics), version 4.05 [41], considering a 95% confidence level.





3. Results


3.1. SfM-Photogrammetry Assessment


Of the initial 20 individuals of S. foetidus surveyed in t1, five were not found in t2, while three individuals were lost between t2 and t3, indicating a total mortality of 40% in the six years. Among the 12 remaining individuals, two were not included in the volume/biomass analyses due to their high levels of epibiosis, preventing an accurate biometric estimation. Therefore, the final analyses were conducted on a total of 10 sponge individuals (Figure S1).



The 30 digital reconstructions (Figure 2 and Figure S1) produced for the three time steps (t1, t2, and t3) had a minimum of 10,011 vertices and 20,012 faces, and averages (±SD) of 151,384 ± 182,162 vertices and 302,505 ± 364,008 faces after the substrate-cleaning process. The reconstructions’ averaged scale error was 0.14 ± 0.09 cm, never exceeding an error of 3 mm. The total time invested in the photogrammetric and cleaning process of all models was around 900 min.



Most of the S. foetidus individuals surveyed for this 6-year period displayed a general growth pattern, increasing in height and width in their periphery, while characteristic central aquiferous depression of this sponge species was accentuated (Figure 2 and Figure 3). This polarized growth towards the peripheral upper parts of the sponge is especially evident for the t1–t2 period, where the maximum distances between 3D reconstructions were obtained, reaching an average maximum linear growth of 3.69 ± 1.12 cm. Conversely, in the t2–t3 period, this polarized growth is not so evident, presenting a smaller average maximum linear growth (2.81 ± 1.09 cm). Additionally, the curves of the distributions of the distance values calculated for each 3D comparison show a clearly skewed distribution towards positive distance values for most of the comparisons calculated for the t1–t2 period, highlighting overall positive linear growth (Figure 3 and Figure S1). In contrast, the same curves for the t2–t3 period present a more centered distribution, depicting less marked sponge growth, with most of the distance values close to 0 cm and a higher count of negative distance values (Figure 3 and Figure S1).



There was a case of an individual of S. foetidus affected by necrosis between t2 and t3, which suffered a steep decrease of −3.42% in volume, after a previously regular polarized growth phase during the first considered time period, t1–t2 (Figure 4a and Figure S1c). There were also cases of high epibiotic coverage, such as the brown algae Padina pavonica (Linnaeus) Thivy 1960, preventing accurate volume change estimations for some individuals (Figure 4b).




3.2. Volume and Biomass Changes over Time


The average change in volume of the surveyed S. foetidus individuals for the whole monitored period corresponded to an increase of 9.24 ± 5.47% year−1. However, by considering the two monitoring periods separately, a significant decline in sponge volume production in t2–t3 was recorded (repeated-measures ANOVA: df = 1, F = 8.827, p-value = 0.01568), with an average volume increase of 11.95 ± 5.81% · year−1 in t1–t2 and only 2.34 ± 8.21% · year−1 in t2–t3 (Figure 5a).



The linear regression performed to study the relationship between the volume (x) and the DW biomass (y) found a strong positive correlation (y = 0.091x + 0.1345), with a regression coefficient (R2) of 0.8262 (Figure S2). Using the volumes obtained from the photogrammetric assessment, an average of 29.52 ± 27.93 g DW · year−1 of biomass production was estimated for the 6 years. However, similarly to the volume, a significant difference in the DW biomass was highlighted between the two periods (Friedman: df = 1, p value = 0.014621), with an estimated biomass production of 37.64 ± 26.01 g DW · year−1 and 2.18 ± 43.47 g DW · year−1 for the t1–t2 and t2–t3 periods, respectively.




3.3. Temperature Analyses


To explore a possible relationship between the drastic drop in sponge growth and the occurrence of anomalous temperatures, the occurrence of MHWs in the area was investigated. Between September 2017 and September 2023, a total of 28 MHWs were identified in the area, with most of the events categorized as I—moderate (17) and II—strong (10), and only one event categorized as III—severe in 2018 (Table S1; Figure S3). Even though no differences were detected in the MHW descriptors (maximum intensity, cumulative intensity, duration, and frequencies) among the two monitoring periods (Mann–Whitney, p > 0.05), significant differences were found among the summer-period SSTs of each of the monitoring years (Kruskal–Wallis, p < 0.001), with the SSTs registered in 2022 (26.47 ± 1.07 °C), 2018 (26.31 ± 1.20 °C), and 2023 (25.95 ± 1.12 °C) being significantly higher than all other years (Dunn’s post hoc, p < 0.001) (Figure 5b).





4. Discussion


Sponges are well represented in the Mediterranean Sea, reaching their highest diversity in coralligenous and marine cave assemblages [19,20,42]. Although taxonomic assessments of the sponge communities in the Portofino MPA have been conducted since the 1990s [43,44], little is known about the conservation status and distribution of a wide range of these species [45]. In this context, the presence of a small population of S. foetidus, likely all arising from the same recruitment event, and therefore considered of the same age, provided a unique opportunity to (i) evaluate fine-scale changes at the individual level over time and (ii) observe negative effects potentially related to the unfolding of the current climate crisis.



Although sponge monitoring using photogrammetry is not new, great improvements in terms of technique accuracy and accessibility have been made over the past years [17]. From its early applications using stereo-vision systems [18,46] to the recent SfM-based approaches assessing sponge distributions [47,48], age and growth [13,49,50], or interactions with other organisms [51], photogrammetry has proven its versatility. Our study confirmed once again the suitability of this nondestructive cost-effective technique to survey changes in sponge species, showing how S. foetidus exhibited a growth pattern polarized towards the upper peripheral parts of the individual. By comparing sequential 3D reconstructions, it was possible to observe a certain degree of plasticity putatively related to the differential accumulation of sediment in the sponge body. Even if simple-massive sponges are known to be best suited to mid-range environmental conditions [52], S. foetidus can live in areas characterized by a high degree of sedimentation [53]. Similar to other species belonging to the family Irciniidae (i.e., Ircinia spp.), S. foetidus might also take advantage of this high sediment load by using and accumulating it in different parts of its body. In most cases, the typical cushion shape of S. foetidus leads to an accumulation of sediment in the central part, triggering the formation of a concave depression that becomes accentuated through time, and eventually leading to the formation of a complete cavity. The final process, not yet documented in the present time-series, leads to specimens with a ring shape, that, with continued growth, will achieve a half-ring shape (Figure 6).



To date, the only previous study assessing the biomass of S. foetidus [53] obtained a linear correlation between the sponge size and its DW. Analogously, the current study found a similarly strong linear correlation between a sponge’s volume and its DW. In addition, S. foetidus’ growth rate was estimated for the first time, previously only known for the congeners Sarcotragus spinosulus Schmidt, 1862 (100% year−1), and Sarcotragus fasciculatus (Pallas, 1766) (40.03 ± 4.81% year−1) [54,55], both showing higher rates of volume increase compared to our results (9.24 ± 5.47% year−1). As already stated, these strong differences might be related to various factors, such as the species-specific growth rate, the different ages of the surveyed organisms [13,56], or the fact that the surveyed organisms were under increasing stress conditions due to the recurrent episodes of thermal anomalies in the area.



In the context of an ever-warmer Mediterranean, gradual shifts in shallow benthic communities are expected towards a dominance of thermo-tolerant species [57]. Even though some sponges are able to cope with short-term thermal-stress conditions [58], S. foetidus has been reported to be a thermo-sensitive species, showing mortalities up to 9% and estimations of necrotized individuals up to 27% during a mass mortality event recorded in the summer of 2021 [59]. Dinçtürk et al. [59] reported two main causes triggering species mortality in the Aegean Sea: elevated SSTs for a long-term period (i.e., several months) and the proliferation of different pathogenic Vibrio species, which aggravated the health status of the already stressed sponges. In our case, of the initial 20 individuals surveyed, 25% were lost between September 2017 and November 2021, potentially as a consequence of the synergy of the high average temperatures in summer and the exceptional storm that occurred in October 2018, whose devastating effects were evident up to a depth of 25 m [60]. A total of 20% of the remaining S. foetidus were instead lost between 2021 and 2023, potentially related to the average summer temperatures of 2022 (26.47 ± 1.07 °C) and 2023 (26.31 ± 1.20 °C), significantly higher than all other analyzed years. The effect of climate change was also evident in individuals still in place during the last monitoring but showing necrotic portions (see Figure 4a). Episodes of extensive necrosis of keratose sponges have been documented in the Mediterranean Sea in recent decades [23,28,59,61]. In addition, recurrent mortality events of Cacospongia spp., Ircinia spp. and Spongia spp., Petrosia (Petrosia) ficiformis (Poiret, 1789), and Agelas oroides (Schmidt, 1864) (unpublished data) have been observed in the study area. Additional mid-term and long-term monitoring efforts must be made to better understand the population dynamics of this species under the current climate crisis [59].



The application of SfM-photogrammetry has enabled us to achieve a step forward in biological sciences, allowing us to perceive processes from a more complete and realistic perspective [3,62]. In terms of sponge assessments, its systematic application could constitute a versatile monitoring tool for many different species and morphotypes, contributing to the harmonization of methodologies and units for growth studies. This would increase the comparability of growth studies, a recurrent issue found in the literature. Additionally, the increasing access to low-cost, high-resolution underwater camera equipment [63], together with the rise of citizen science initiatives, could play a fundamental role by reducing monitoring costs, supporting scientific research efforts in the assessment of our precious and impacted underwater environments, and ultimately, raising awareness in the local community about the rapid changes occurring in marine communities [64].
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Figure 1. (a) Map indicating the location of Punta del Faro (Portofino MPA, Italy). (b) Three-dimensional reconstruction of the submerged part of the area of interest. The boulder where the Sarcotragus foetidus population was monitored is outlined in red and indicated by a red arrow. (c) Details of the surveyed boulder and the exact location of each sponge individual marked with a white “X”. Sponges considered for the volume change analysis are circled in white, while individuals affected by mortality are circled in red. 






Figure 1. (a) Map indicating the location of Punta del Faro (Portofino MPA, Italy). (b) Three-dimensional reconstruction of the submerged part of the area of interest. The boulder where the Sarcotragus foetidus population was monitored is outlined in red and indicated by a red arrow. (c) Details of the surveyed boulder and the exact location of each sponge individual marked with a white “X”. Sponges considered for the volume change analysis are circled in white, while individuals affected by mortality are circled in red.



[image: Diversity 16 00175 g001]







[image: Diversity 16 00175 g002] 





Figure 2. (a–c) Examples of the 3D reconstructions produced for three Sarcotragus foetidus individuals over three monitoring time steps (September 2017, t1; November 2021, t2; and October 2023, t3). Scale bars = 10 cm. 
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Figure 3. (a–c) Distances calculated between the 3D models of Sarcotragus foetidus obtained for t1–t2 (September 2017–November 2021) on the left and t2–t3 (November 2021–October 2023) on the right. Comparisons calculated using point cloud distances in Cloud Compare. Scale bars = 10 cm. 
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Figure 4. Particular cases regarding the 3D assessment of Sarcotragus foetidus changes during this study. (a) S. foetidus individual affected by necrosis during the t2–t3 (November 2021–October 2023) period; (b) S. foetidus individual affected by a high level of epibiosis by Padina pavonica, preventing an accurate t1–t2 (September 2017–November 2021) 3D change assessment. Scale bars = 10 cm. 
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Figure 5. (a) Sarcotragus foetidus estimated yearly volume changes (%) for the two periods of this study: t1–t2 (September 2017–November 2021) and t2–t3 (November 2021–October 2023). (b) Boxplots depicting the sea surface temperatures (SSTs) recorded in the Portofino MPA during the summer periods (from 21 June to 22 September) of each monitoring year; the jittered points represent the underlying distribution of the SST data. 
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Figure 6. Growth phases of Sarcotragus foetidus: (a) initial growth phase of a cushion-shaped specimen; (b) specimen where sediments accumulating in the center of the sponge trigger reshaping through a central depression; (c) with the enlargement of the cavity, sediments are released on the sea floor and the sponge takes on a ring shape; (d) the continuous growth of the sponge leads to a perforated horseshoe shape. Although observed in several other areas, (c,d) are virtually reconstructed images of the potential development of the monitored individuals. 
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