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In recent decades, the value and utility of multibeam bathymetry and backscatter data has been increasingly recognized within the field of seascape ecology (the ocean-centric equivalent of landscape ecology) to map the bio- and geodiversity of the ocean floor. More recently, multispectral multibeam backscatter has emerged as a promising endeavor in seabed classification, and its acoustic response across multiple frequencies has been studied in a range of substrates. Coral reef systems are an under-represented seabed type within this research, as these shallow water ecosystems are more commonly mapped with optical remote sensing techniques. Further investigation is necessary to determine the extent to which backscatter data can contribute to the characterization of these habitats–especially for reef systems that are beyond the reach of optical remote sensing approaches. This study investigates the multifrequency acoustic response of coral reefs in two study areas on the Abrolhos Shelf, Brazil. Backscatter mosaics and angular response curves (ARC) are investigated to explore the potential applications of these data for enhanced reef seascape characterization. In both survey areas, the acoustic mapping revealed extensive reef features, and the assessment of acoustic response was influenced by reef surface roughness and biological attributes (algal cover). Results contribute significantly to the understanding of multi-frequency signatures in reef seascapes and highlight the potential of backscatter for mapping and monitoring the health of these ecosystems. Herein, the higher frequencies were found to be fundamental for detection of subtle variations in texture in the inter-reef region of both study areas; this underscores the value of employing these frequencies in a multispectral framework for discerning heterogeneities in coarse substrate types. Furthermore, the lower frequencies were indispensable for more precise delineation of reef characteristics in the Abrolhos Channel area, whereas the higher frequencies were the most effective in identifying reefs with epibiotic cover (those characterized by flatter ARC associated with lower backscatter values) in the Forgotten Reefs region.
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1 INTRODUCTION
The scientific field of seabed mapping has expanded dramatically over the past 3 decades (Misiuk and Brown, 2024), driven by the increasing demand for geospatial seafloor maps to support a variety of marine resource management needs (Baker and Harris, 2020), and innovations and evolution of the seafloor acoustic remote sensing mapping technologies (Mayer et al., 2018). Increasingly robust and complex analysis techniques have subsequently developed and are now in widescale use in the interdisciplinary field of seabed classification, which have contributed to improving our knowledge about the geodiversity of the seafloor (Strong et al., 2019; Dolan et al., 2022; Misiuk and Brown, 2024). Among the types of acoustic seafloor mapping data sets in use, multibeam backscatter has emerged as a particularly noteworthy proxy for understanding seafloor geodiversity (Che Hasan et al., 2014; Ierodiaconou et al., 2018; Harris and Baker, 2020; Menandro et al., 2023; Bai et al., 2023); more recently, a number of backscatter studies have been conducted in a range of seabed types to examine the potential advantages of multibeam systems that can operate at multiple frequencies (Feldens et al., 2018; Brown et al., 2019).
There are a number of established approaches to mapping coral reef ecosystems (see a review of historical methods for coral reef mapping in Hamylton (2017), including satellite remote sensing methods (Li et al., 2019; Zoffoli et al., 2022; Lyons et al., 2024) and multibeam bathymetry attributes to characterise and classify reef morphology (Costa and Battista, 2013; Diesing and Thorsnes, 2018; Menandro et al., 2020; Vieira et al., 2023). However, there has been limited investigation of how multibeam backscatter can also add value to characterizing coral reef habitat, and whether biological attributes of reef systems (e.g., density and cover of epibiota) can be measured based on their backscattering records as a function of survey frequency.
In a non-exhaustive review of recent studies on multibeam backscatter, reefs do not feature among the seafloor types studied with backscatter (Brown et al., 2019; Fezzani et al., 2021; Menandro et al., 2022a; Vieira et al., 2023), although other forms of reef habitat have been investigated and characterized using acoustic backscatter measurements [e.g., boulder substratum in Trzcinska et al. (2021), rock reefs in Fakiris et al. (2019), bedrock outcrops in Recouvreur et al. (2024)]. With multifrequency backscatter, this panorama becomes more evident, with a few published papers on mussels reefs (Schulze et al., 2022) and rhodolith beds (Menandro et al., 2023), but none on coral reefs to date.
The purpose of this work is to analyze the multispectral acoustic response of coral reefs through the investigation of backscatter mosaics and angular response curves and explore potential applications of these data streams for improved reef seascape characterization, which may encompass the heterogeneity of the reef morphology and the interconnectivity with inter-reef areas. Specifically, we investigate the capability of multispectral backscatter to discriminate additional biological and/or morphological characteristics of the reef ecosystems (e.g., macroalgae coverage; reef surface complexity) which other methods may fail to capture. Moreover, important and novel results have been added to the catalog of seabed types studied with backscatter within the two regions of the Abrolhos Shelf–an area that is particularly important for conservation given the extensive presence of reefs (Leão, 2002; Moura et al., 2013; Ferreira et al., 2020; Zoffoli et al., 2022). Specific goals from the study were: i) investigate whether reefs have a distinctive backscatter response compared to non-reef areas; ii) analyse whether the acoustic response on reefs is frequency dependent based on mosaics and angular response curves; iii) apply an image segmentation based on multi-frequency backscatter mosaics to analyze the output of each frequency to discriminate reef and inter-reef areas; iv) explore how roughness and macroalgae cover affect multispectral backscattering.
2 METHODOLOGY
Multispectral multibeam surveys were carried out in two study areas (1 -Abrolhos Channel: 2 - Forgotten Reefs), both located on the Abrolhos Shelf, between the states of Espirito Santo and Bahia (Brazil) (Figure 1A). The largest and richest reef environment in the South Atlantic is found in this section of the Brazilian continental shelf (Leão, 2002; Moura et al., 2013).
[image: Figure 1]FIGURE 1 | Study area. (A) Overview of the continental shelf showing the location of the survey sites; (B) Digital bathymetric model of the Abrolhos Channel; (C) Digital bathymetric model of Forgotten Reefs; (D) Bathymetry detail showing part of the Forgotten Reefs and the outline of the study area.
The Abrolhos Channel survey site (Figure 1B) covers an area of approximately 6 km2. The area comprised a complex morphology, with depths ranging from 6 to 28 m. The Forgotten Reefs survey area is located approximately 100 km further to the south (Figures 1C,D). This region has already been the subject of studies either involving the automated classification of reefs using the RSOBIA tool [in which the output was based on slope, roughness, and backscatter–see Menandro et al. (2022b)] or exploring the geodiversity of these features within the context of relative sea changes (Vieira et al., 2023). Although more than 200 km2 of the Forgotten Reefs have already been surveyed using MBES, the focus area for this study (Figure 1D) covers approximately 1.5 km2 of seafloor with depths ranging from 13 to 25 m. The study area was selected based on the availability of ground truth samples, and the extent of the dataset coverage encompassing a single day of acoustic survey covering both reef and non-reef regions.
2.1 Acoustic data acquisition and processing
The surveys were carried out in July of 2019 (Forgotten Reefs) and in April 2023 (Abrolhos Channel). Acoustic data acquisition at multiple frequencies was performed using an R2Sonic 2024 multibeam echosounder system (MBES). The multispectral mode was configured to collect data at 170, 280, 400, and 700 kHz operating in equiangular mode. The 700 kHz did not operate in Abrolhos Channel study area due to the effects of depth on data quality. Parameters such as swath angle (90° for Forgotten Reefs and 120° for Abrolhos Channel), power (212 dB for Forgotten Reefs and Abrolhos Channel), pulse length (80 µsec for Forgotten Reefs and Abrolhos Channel), gain (adjusted for each frequency in each study area after preliminary survey test), and spreading (5 dB for Forgotten Reefs and for Abrolhos Channel) were held constant. The MBES was paired with a POS MV Wave Master Inertial Navigation System (INS). In the course of the survey, sound velocity profiler (SVP) casts were deployed every 3 h using a Valeport Mini, providing sound velocity, salinity, temperature and pressure. This information is essential to ensure the correction of sound velocity effects and for the calculation and application of the absorption coefficient for backscatter processing.
In accordance with the International Hydrographic Organization, the bathymetric processing consisted of a manual cleaning of the erroneous soundings and a tidal correction using QPS Qimera 2.5.4. A digital bathymetric model was output at 2 m resolution (combining all frequencies), which allowed the interpretation of the morphology of the area and delineation of the reefs in detail. The bathymetric data were also used as input to calculate the roughness of the seafloor/reefs using the MultiscaleDTM package (Ilich et al., 2023) in R - the roughness index-elevation is calculated based on the standard deviation of residual topography in a focal window. As reefs are readily conspicuous features, the roughness surface was used as a reference dataset for the purpose of a visual comparison with the backscatter segmentation analysis.
The multispectral backscatter was processed following the guidelines and recommendations found in Lurton et al. (2015), Lamarche and Lurton (2018) and Schimel et al. (2018). The main steps involved the frequency filtering, correction of acquisition parameters for each frequency, and AVG correction for the mosaics–which were output at 2 m resolution. In addition, corrected backscatter values were extracted to plot angular response curves (ARC) – these data are extracted prior to the mosaic corrections such as AVG. All the backscatter processing was completed using QPS FMGT 7.9.6.
Both mosaics and angular response curves were analyzed to investigate the multifrequency backscatter and explore the across-frequency response of reef and inter-reef regions (herein, all the unconsolidated sediment seabed which was not reef is considered as inter-reef seafloor). The ARC represents a patch section of 30 pings sampled from nadir to the outer beam on both the port and starboard sides of the swath, and these were manually selected at different locations as representative examples from the different seafloor types.
2.2 Ground truthing data
Underwater images collected using a drop camera system were used to ground truth reef characteristics at the Forgotten Reefs study site; no drop camera images were collected in the Abrolhos Channel due to logistical and financial limitations of the project. The drop camera system consisted of a pyramidal metal frame (60 cm × 60 cm) coupled with two cameras (GoPro Hero 7) and lights. The system was set up with one camera looking down towards the seafloor (at the base of the structure) and a second camera looking sideways across the seafloor. In the absence of an underwater positioning system, the position of the image was estimated in relation to the boat’s DGPS at the moment the structure reached the bottom (positional accuracy estimated at 20 m). No automatic or quantitative analysis of the collected footage was conducted, but a qualitative description was made based on a classification scheme similar to the CATAMI model (Althaus et al., 2015).
2.3 Image-based analysis
Following preliminary visual inspection of the mosaics and assessment of the uncalibrated backscatter values for each frequency, an image-based segmentation approach was applied to the mosaics. The backscatter mosaic of each frequency was segmented using the “mean shift” algorithm (Yizong, 1995; Comaniciu and Meer, 2002) in ArcGIS Pro using the maximum spectral detail (20) and spatial detail as default (15), but a minimum segment size of 50 pixels due to the high heterogeneity of the study sites. The mean shift is a mode-seeking algorithm that assigns data points to clusters based on their position relative to the local maxima of a multivariate kernel density estimate. As there is a paucity of ground truth data to estimate accuracy metrics, the backscatter segmentation result was visually compared to the roughness surface to visually analyze the differing capabilities across frequencies in discriminating the reef features and inter-reef bottom.
3 RESULTS
The digital bathymetric model revealed the presence of extensive reef features in both survey areas (see 3D frames on Figure 2). At the Forgotten Reef study area, the tops of the reefs typically reached depths between 14 and 16 m. At the Abrolhos Channel study area, the reefs were more typically reef banks, with shallower reefs in the northwestern region of the survey area (reef tops mostly between 8 and 12 m) and deeper reef tops in other areas (mostly between 15 and 22 m depth). There is considerable variation in the dimensions of the reef structures observed in both study areas–average of 370 m2 for Forgotten Reefs and 580 m2 for Abrolhos Channel, with the smallest measured diameters in both sites reaching approximately 10 m and the longest banks in Abrolhos Channel extending to over 200 m. Surface roughness calculated from the bathymetry for each study area is presented in Figure 2. The greatest roughness was observed over the reef features in both areas, in contrast to low surface roughness between reefs.
[image: Figure 2]FIGURE 2 | Frames showing the roughness for each study areas (A)–Forgotten Reefs; (B) Abrolhos Channel, and detailed 3D viewing of reefs.
3.1 Multispectral backscatter
3.1.1 Forgotten Reefs
Backscatter mosaics from the Forgotten Reefs showed higher backscatter values for the inter-reef area and lower backscatter intensities over the reef features at all frequencies (Figure 3); these observed discrepancies are particularly pronounced at 400 kHz (boxplot on Figure 3). Despite limitations of using uncalibrated backscatter data, it is difficult to visually distinguish the differences in backscatter across frequencies between the reef and inter-reef areas from the mosaics; they appear slightly greater between 280 and 400 kHz (mean difference = 2.52 dB) than between 280 and 170 kHz (mean difference = 1.55 dB). The 700 kHz frequency resulted in values that were significantly higher than those of the other frequencies, while it also showed higher values for the inter-reef region. In general, the 280 kHz mosaic showed higher values in the inter-reef region when compared to the other frequencies (170 and 400 kHz), while this panorama is not so well established for the reef features.
[image: Figure 3]FIGURE 3 | Forgotten reefs results - mosaics for each frequency and RGB composite mosaic with some enumerated profiles over reef and inter-reef regions graphically represented in the boxplot. Also, (A) an example of angular response curve extracted over the reef feature; (B) an example of angular response curve extracted over the inter-reef region.
By observing the ARC (Figure 4), we can draw similar conclusions–with lower backscatter values recorded over the reef features than for inter-reef regions, and with a well defined and frequency-independent backscatter difference throughout the swath. Additionally, other details came to light looking at the corrected backscatter values, such as the ARC shape for inter-reef regions indicating higher backscatter level loss with increasing incidence angles compared to those ARC over reef features, and the larger differences between the far-nadir region and the nadir region for the lower frequencies (170 and 280 kHz) over the reefs - i.e., increasing backscatter values in the outermost beams, and a flatter shape for the 400 kHz.
[image: Figure 4]FIGURE 4 | Comparison of angular response curves for each frequency extracted from reef and inter-reef locations in Forgotten Reefs region.
3.1.2 Abrolhos Channel
In general, the interpretation of the mosaics (Figure 5) allows us to infer the occurrence of two types of inter-reef regions - one with the highest mosaic backscatter values and another with the lowest. In addition, the different reefs observed by bathymetry and roughness (Figures 1, 2) do not show much backscatter difference, except for the shadow zones marking some of the shallower reef walls, which end up generating patches of low backscatter.
[image: Figure 5]FIGURE 5 | Abrolhos Channel results - backscatter mosaic for each frequency, RGB mosaic composite band, and boxplot with uncalibrated backscatter values extracted from specific profiles displayed on RGB mosaic.
Distinguishing the reefs solely based on the single-frequency mosaics is difficult in some sections (e.g., shallow reef against low backscatter inter-reef region in the 400 kHz mosaic), but this is greatly facilitated by observing the RGB composite band mosaic, in which the reefs become easily recognizable from their surrounding inter-reef region. From the RGB, in the high backscatter inter-reef seafloor, all the frequencies recorded the highest values, with those of 280 kHz being predominantly higher. In contrast, all the frequencies returned the lowest values for the low backscatter inter-reef bottom type, with smaller differences between 170 and 280 kHz. Over the reef features, the frequencies of 170–280 kHz recorded the higher backscatter strengths compared to those from 400 kHz. Additionally, in general, the difference between reef and low backscatter inter-reef seafloor was more pronounced for lower frequencies even considering the caveat of using absolute values for uncalibrated backscatter.
Investigation of the corrected backscatter values through the angular response curves (Figure 6), revealed that the two types of reef morphology (shallower and deeper) exhibit no apparent ARC differences, while the two types of inter-reef substrate are easily distinguishable from the ARC. Even though these are not calibrated backscatter values, it is worth noting that the differences in backscatter intensities across ensonification angles between 170 and 280 kHz appear smaller than the differences between 280 and 400 kHz. Overall, in the near nadir region of the ARCs, the backscatter values over reef features are more similar to those of the low backscatter inter-reef bottom; as the angle of incidence increases (approximately from 25°), the backscatter values increase and get closer to the curve of the high backscatter inter-reef bottom. In other words, this indicates the greater increase in backscatter values in the outermost regions of the swath over the reef beds compared to the inter-reef regions.
[image: Figure 6]FIGURE 6 | Comparison of angular response curves for each frequency extracted from reef and inter-reef locations in Abrolhos Channel region.
3.2 Ground truth
The underwater images (Figure 7) were described visually based on the hierarchy proposed by the CATAMI model classification (Althaus et al., 2015), indicating the physical substrate (consolidated and unconsolidated), and identifying the presence of coral reefs and macroalgae. The reef was only validated at one station due to the risks of losing the camera equipment and/or damaging the reefs, but the data did reveal the presence of dense coral and macroalgae. The inter-reef seabed comprised of unconsolidated sediment, mostly sand with carbonate fragments and occasional sparse presence of algae.
[image: Figure 7]FIGURE 7 | Examples of underwater images collected in reef and inter-reef seafloor–Forgotten Reefs site. The black dotted line delineates the study area in the upper bathymetric inset.
3.3 Image-based analysis
The results from the image segmentation are summarized in Figure 8.
[image: Figure 8]FIGURE 8 | Roughness surface emphasizing the reef features and image-based segmentation based on backscatter mosaics for (A) Forgotten Reefs; (B) Abrolhos Channel.
In the Forgotten Reef area (Figure 8A), reef recognition was more detailed with the 400 kHz frequency, with the features outlined more clearly. This suggests that the reef cover or texture responds in different ways according to frequency. In the inter-reef regions, where the sediment is composed of sand and carbonate fragments, the higher frequencies were also more effective at differentiating the disparities present. In fact, the 700 kHz frequency was able to identify some bedforms in the northernmost study area. Segmentation based on RGB (170, 280 and 400) was found to be more advantageous for differentiating inter-reef bottoms but did not improve the delineation of reef features.
In the Abrolhos Channel region (Figure 8B), the seabed features in the inter-reef areas were resolved in more detail in the 400 kHz mosaics compared to the lower frequency mosaics. Additionally, the differentiation between reef bottom (according to the roughness reference) and low backscatter inter-reef bottom was more pronounced with the lower frequency input, resulting in a clearer delineation of the edges of the reef features. The RGB output was found to be a more effective method in differentiating between reefs and low backscatter inter-reef bottom, while the single-frequency 400 kHz result proved to be more suitable for the delineation of high backscatter inter-reef seafloor. Consequently, if the objective was to identify reef features in this specific case, it would be preferable to utilize only the lowest frequency considering this range (170–400 kHz), maximizing the distinction between reef and inter-reef regions and enhancing the along-track resolution of the data (given that there would be no alternating pings for each frequency).
4 DISCUSSION
The exploration of the multibeam backscatter response on reefs through this study has demonstrated its great potential as a tool for enhancing our understanding of reef and inter-reef habitats, providing relevant information on the substratum types studied, especially where reefs occur beyond the reach of optical remote sensing approaches. It should be noted that both study areas investigated here are not represented in the global distribution of coral reef based on satellite data presented in Lyons et al. (2024), and these areas are beyond the water depths which can be surveyed using optical remote sensing approaches. The application of acoustic remote sensing for mapping these systems, combining analysis using elements of both the corrected backscatter mosaics and the angular response curves [as recommended in other studies - see Che Hasan et al. (2014), Menandro et al. (2022a)] has proven an effective approach for reef and inter-reef characterization.
Overall, the backscatter observed from the single-frequency mosaics provided an important baseline for understanding the distribution of seabed types, particularly if the aim had been to classify the presence or absence of reefs–which was demonstrated to be feasible based on the image segmentation results (Figure 8). Based on the backscatter mosaics of the Forgotten Reef region, although the distinction between reef and inter-reef seafloor was more straightforward and frequency independent - with lower median uncalibrated backscatter values for the reef features compared to the surrounding area, the 400 kHz was found to be more effective in delineating the reef features in the segmentation output. In contrast, in the Abrolhos Channel study area, the distinction between reef and inter-reef was not so clear in some regions for the higher frequency, and the RGB mosaic proved to be an effective solution to easily differentiate the reefs from the inter-reef bottom from the combined backscatter composite, thus confirming the importance of concatenating multispectral information to achieve a better product. Although different frequencies performed differently across the seafloor types, the use of multifrequency approach suggests benefits for distinguishing seabed composition differences and aiding in segmentation result.
Reefs comprise a complex habitat with heterogeneous morphologies of different sizes, roughness, composition, and biological attributes (such as epibiotic cover). In contrast to most substrate types (e.g., bedrock, and unconsolidated sediments of various grain sizes), they therefore produce a more complex backscatter response. Previous studies exploring the use of backscatter to characterize reef habitat have reported a wide range of backscatter responses depending on the different types and features of reef. For example, Roberts et al. (2005), used MBES to map cold-water coral reefs, which were recorded with low-intensity backscatter. In contrast, Schulze et al. (2022) reported that mussel-covered reefs were characterized by generally high-backscatter intensities (using 200, 400, 550 and 700 kHz). Pillay et al. (2021) mapped coral reef or scattered reef outcrop based on high reflectivity of the backscatter at 400 kHz in areas with high species diversity. Recouvreur et al. (2024) argued the high reflectivity shown by the backscatter values also illustrates induration characteristics of potential bedrock occurrence. Finally, Zoffoli et al. (2022) showed relevant findings very similar with the results from Forgotten Reefs site, with low reflectance values for reefs and algae based on satellite remote sensing techniques. In the Forgotten Reefs region, the ARCs allowed the angular response to be detailed along with the mosaic results, providing a more refined understanding of the types of substrates being studied. The inter-reef bottom, which showed the highest mean backscatter values in the mosaics, generally showed an ARC shape with a decrease in backscatter intensity with increasing incidence angle from 20° and relatively high backscatter values, typical of sandy sediment bottoms [see APL model–Applied Physics Laboratory (1994) curve comparable to fine sand at 170, 280 and 400 kHz in Menandro et al. (2022a) and similar to the one obtained for sand at 150 kHz in Trzcinska et al. (2021)]. It is important to note that this information was validated by the underwater images collected by the drop camera. Conversely, over reef features, the ARCs exhibit a flatter profile, typical of rocky bottoms [APL model, see Jackson and Richardson (2007)] in which the backscatter level loss is small across the entire swath. Nevertheless, the flatter shape of the curves (including increased values in the outermost beams for the lower frequencies) and the lower backscatter values clearly noted by the mosaics have drawn attention to a pattern in which the high roughness of the reefs is an important factor driving the shape of the curves, while the substrate, including the macroalgae cover of the reefs, appears to be a key factor in explaining the low values observed.
The investigation of algal dominated habitat using backscatter is not unprecedented, and past studies have demonstrated that the backscatter characteristics may be strongly influenced by the specific species and growth-forms of algae. Studies have reported distinctive backscatter differences between vegetated and non-vegetated substratum (Stocks et al., 2019), the detection of species of kelp in a region with low seafloor backscatter (McGonigle et al., 2011) or detected in the water-column backscatter data (McGonigle et al., 2011; Schimel et al., 2020), and records of seagrass with high backscatter strength due to the leaf, gas bubbles and rhizomes (De Falco et al., 2010; Schulze et al., 2022). Fakiris et al. (2019) observed lower backscatter values on the mean ARC for vegetated soft bottoms than unvegetated; moreover, slight differences between boulders covered by mussels and by red algae were noted by Trzcinska et al. (2021). Similarly, Porskamp et al. (2022) suggested the presence of dense algae on consolidated substrate could be a possible cause for near nadir-region beams (0°–30°) to have low backscatter intensities, and Schulze et al. (2022) observed a strong increase of backscatter values at high angles of incidence, suggesting that the larger footprint in the outermost beams contributes to a higher number of seagrass leaves ensonified. In one of the examples of the ARC for the Forgotten Reefs shown in Figure 4, the curve was extracted partly on a reef and partly on a sandy bottom, which succinctly summarizes the results obtained for this area - low backscatter values and a flat curve over the reefs, and higher backscatter values with decreasing backscatter with increasing angle of incidence for the inter-reef region. In the Abrolhos Channel, although the curves displayed an overall increasing value in the far-nadir region, this difference was greater for the curves over the reef features. This acoustic trend suggests that, even considering that the absolute values are not calibrated, this more pronounced increase between nadir and far nadir on the reefs could be caused a greater roughness of these features compared to the inter-reef bottom. However, the backscatter values, which were intermediate between the two types of inter-reef bottoms observed, do not seem to indicate the presence of macroalgae covering the reefs as much as observed in the Forgotten Reefs. The roughness throughout the inter-reef regions and different backscatter levels indicates different sediment types.
An absolute calibrated backscatter level would not be a strict requirement for some applications related to qualitative interpretation [for example, see Lamarche et al. (2011)]. However, comparing the backscatter values of the different morphologies and between the two study areas can be a somewhat speculative task, since the values are not calibrated and there is a 3-year difference between the surveys, which ultimately introduces the risk of electronic components within the MBES system aging that can affect the backscatter measurements. Backscatter calibration, which is currently one of the main topics for advances in backscatter studies and technologies (Fezzani et al., 2021; Van Dijk et al., 2024), suggests that it is particularly challenging for reef bottoms, since you no longer have a single type of substrate (e.g., sand, mud), but rather the complex mixture of geo- and biodiversity of a habitat (with spatial and temporal variability on surface roughness, composition, and cover).
These results offer important contributions both from the point of view of multi-frequency signatures for reefs, and draw attention to potential applications of backscatter for mapping and studying the health of these ecosystems. The presence or absence of macroalgae on reefs (and whether they are transparent for certain frequencies) may offer indications of reef health [but see Smith et al. (2016)], and emphasizes the importance of backscatter as a variable for geo and biodiversity studies. Measuring the contribution of the use of the different frequencies was beyond the scope of this study, but it is worth noting that in the most heterogeneous region (Abrolhos channel), the multispectral data were particularly important in obtaining the RGB mosaic, which was a valuable input for discriminate reef features from inter-reef sediments using the image segmentation approach. Moreover, the large amount of spectral acoustic information in sensitive habitats with coral reefs and significant macroalgae coverage is of great importance to include these different habitats in the catalog of seabed types successfully studied by multispectral backscatter, and future studies could yield potential benefits by combining the multifrequency geomorphometry and the multispectral backscatter response with the roughness captured and measured by structure from motion.
5 CONCLUSION
The results from this investigation highlight the complexities in backscatter response across different reef habitats. While the pattern observed displayed an overall frequency independent response, the reef roughness and biological attributes were key factors to compare against the acoustic response.
The higher frequencies were essential for capturing in greater detail the small differences in texture in the inter-reef substrate of both locations. This makes the use of these frequencies in the multispectral context important for recognizing heterogeneities in coarse substrate type. In addition, while the lower frequencies were crucial for more accurate differentiation of reef features in the Abrolhos Channel region, it was the higher frequencies that most effectively distinguished reefs with epibiotic cover in the Forgotten Reefs. The combined use of ARC along with the backscatter mosaics successfully provided a more refined response from the seafloor at different frequencies. In the Forgotten Reefs site, the low mean backscatter values observed both in the mosaics and the shape of the ARCs strongly suggested the presence of macroalgae cover (surface or material with low acoustic impedance) over the rough hardground features.
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