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Abstract

:

Monitoring fish species populations in very turbid environments is challenging. Acoustic cameras allow work in very poor visibility but are often deployed as a fixed observation point, limiting the scope of the survey. A BlueView P900-130 acoustic camera was deployed in rocky marine habitats off the coast of French Guiana in order to assess the total abundance, size structure and spatial distribution of a demersal fish population. The relevancy of using an acoustic camera to achieve these three objectives was evaluated by comparing acoustic data to those obtained from fishing surveys. The detection and identification of large demersal fish species were possible with the shape and size of the acoustic signal and acoustic shadow silhouette as well as swimming behavior. Mobile surveys combined with stationary surveys increased the probability of distinguishing individuals from inanimate objects. Estimated total length based on the acoustic signal underestimated the actual length of fish measured on deck, but the data showed the same trends in spatial and temporal variation. Acoustic cameras overcame the extreme lack of visibility by increasing knowledge of fish use of habitat, therefore providing much more efficiency in the effort, more accurate data on the abundance, size structure and spatial distribution than the fishing method. Thus, despite few limitations, acoustic camera surveys are far superior to fishing surveys in evaluating large demersal fish stock status.
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1. Introduction


Traditional methods used to study fish distribution and abundance generally require direct interaction with fishes in their natural environment [1]. Such methods include direct visual or video assessments or various types of fishing. In clear, calm waters, fish may be readily identified and counted at distances up to 15 meters by divers or by remote video systems [2,3]. However, in highly turbid waters where visibility is low or absent, visual and video methods are ineffective [4]. Various fishing methods are typically highly variable and uncertain because results depend on the behavior of fish [5]. Fishing methods may also be intrusive, hurting or killing fish. Thus, the most reliable methods are non-intrusiveness visual/video methods, but low visibility severely constrains such methods.



Acoustic systems such as echo sonars or multibeam sonars are not limited by light level or visibility because the image is produced by reflected sound, not reflected light [6,7]. High-frequency multibeam sonars or “acoustic cameras” are a relatively new technology, which was formerly used for surveillance and inspection of structures in the marine environment [8]. They are being used increasingly to study marine fish populations and were adapted for fish enumeration or identification under conditions of low visibility, such as poor lighting or high turbidity [6,7,9,10]. These acoustic systems provide high-quality images with similar resolution as standard videos [3].



Among existing materials, fishery scientists have principally used the Sound Metrics Corp. DIDSON dual-frequency identification sonar [1,8,11,12,13,14,15,16,17,18,19]. DIDSON allows researchers to operate at several frequencies, the highest of which is 1.8 MHz, which produces high image quality with a 29° field of view. The maximum distance for this frequency is about 12 m, but this distance may be increased to 30 m with a lower frequency of 1.1 MHz [9]. Fish species can also be distinguished with a Teledyne “BlueView P900-2250” high-frequency multibeam sonar and at a frequency of 1 MHz, even pectoral and caudal fins could be discerned to identify individuals and fish species [20]. BlueView sonar equals DIDSON in the quality of images [21]. Both types of acoustic cameras are deployed to count pelagic fish in horizontal and stationary surveys (in one site) in shallow waters. As example, it is possible to count moving salmonid fishes [1,18,22], and to measure reef fish abundance [23]. With appropriate software (Sound Metrics software or ProViewer software), it is possible to measure the length of individuals [8,15,19] and to study their behavior [24,25,26,27]. A double protocol, using both static and mobile acoustic cameras was developed to study the abundance of the Kamchatka steelhead (Parasalmo mykiss) in a river that allow describing the size structure of the species [17]. Recently, the spatial distribution of fish populations has been described using acoustic cameras. Indeed, the density and spatial distribution of pelagic fish was assessed by deploying an acoustic camera in a lake [28]. Few studies focused on demersal fish even if identification through acoustic shadows is possible [3]. However, immobile individuals on the bed cannot be detected and may be problematic for abundance estimates [29].



Fish biodiversity in French Guiana is very high, but only a few species are of commercial importance: Siluriformes Ariidae (Sciades proops), Perciformes Sciaenidae (Cynoscion acoupa), Lutjanidae (Lutjanus vivanus), Scrombidae (Acanthocybium solandri), Haemulidae (Genyatremus luteus) and Serranidae (Epinephelus itajara). Epinephelus itajara, commonly named the goliath grouper, is a demersal species that inhabits bays, estuaries, mangroves, artificial reef and rocky sites, inshore as well as offshore [30,31,32,33]. It is a valuable commercial fish species in French Guiana when, at the time of the study, it was protected in other countries and listed as a critically endangered species in the IUCN red list, principally because of overfishing [34]. In the vicinity of the Grand Connétable Islands, classified as Marine Protected Area in 1992, fishing is forbidden, so the fish and marine bird species are protected. From a fish population management perspective, following and understanding the dynamics of the fish population is the first step to regulation policy.



However, the marine waters of French Guiana present extreme turbidity, not only inshore due to the influence of local rivers (Approuague, Mahury) [35,36,37] and the resuspension of mudflat sediments [35,36,38] but also offshore due to the Amazon River, the world’s most turbid region with a diffuse attenuation coefficient (Kd(490)) superior to 5 m-1 [39]. Indeed, the largest river of the world discharges nearly 100 million tons of sediment in marine waters per year [40], which is then carried along the French Guiana coasts up to the Caribbean Sea [41] via the north Brazil current [42]. Therefore, the extremely turbid conditions of the near-shore marine environment of French Guiana limit the possible methods to study fish distribution or abundance and knowledge on the local fish ecology is scarce. The objective of this study was to evaluate the reliability of the P900-130 BlueView acoustic camera to study fish population ecology, including identification, abundance, spatial distribution and size structure in extreme turbid conditions in order to apply this methodology for annual fish population survey



An ideal demersal species for evaluating acoustic camera capabilities under low visibility is the goliath grouper. This species has morphological (maximum length of 2.50 m) and ecological characteristics that could facilitate (1) its identification through acoustic beam as well as (2) the approximation of the total abundance of the local population. Indeed, goliath groupers are strongly linked to their rocky habitat with really short daily distance movements [32], except during reproduction periods [43,44]. Therefore, by implementing an exhaustive survey of rocky sites, the total counted individuals approximate the total abundance of the local population. Moreover, a scientific fishing survey led simultaneously allowed studying the consistency of the acoustic camera results compared to usual fishing surveys. The present study aimed at (1) investigating the possibility of identifying demersal fish species through an acoustic camera, (2) analyzing replication and accuracy of abundance and total length estimations with acoustic cameras and (3) comparing spatial distribution provided from fishing data and acoustic camera. The final purpose was to know if acoustic cameras would be efficient tools to realize spatial and temporal surveys of demersal fish populations.




2. Materials and Methods


2.1. Study Sites


Acoustic field sampling was conducted over 4 days in September 2011 and 4 days in September 2012. Sampling locations were on rocky marine sites off the eastern coast of French Guiana from Mahury River Estuary to Oyapock River Estuary (Figure 1A). Rocky sites were pooled into two areas (Table 1).



The Rémire islands are composed of 5 islands: Le Malingre, Le Père, La Mère and les Mamelles; the last actually composed of 2 small islands in close proximity.



The Grand Connétable Island Marine Protected Area (MPA) is composed of 2 islands, Grand Connétable and Petit Connétable.




2.2. Acoustic Camera


The P900-130 BlueView (Teledyne Marine) high-frequency sonar has a field-of-view of 130° lateral angle and 20° vertical angle (Figure 2). An acoustic frequency of 900 kHz enables sound emission through 768 beams (1° lateral angle) with 0.18° space between each beam. Theoretically, the maximal distance for the detection of fish is equal to 100 m, but the optimal distance is between 2 and 60 m.



The acoustic camera system included a 12 V-powered laptop computer, a high storage capacity internal drive that recorded videos in real time and a GPS system for geo-referencing. The acoustic camera was mounted on the port side of the boat at the bottom of a vertical 3 cm diameter metal bar. The camera was submerged to a depth of 80 cm (slightly below the hull of the vessel) and could be rotated 360° and oriented vertically between 15° and 45° off horizontal (Figure 2).




2.3. Survey Description


Two types of surveys were conducted: mobile surveys that covered the entire habitat of the studied species and stationary surveys to minimize bias of undetected individuals.



During the mobile survey, the acoustic camera was aimed 90° to the axis of the vessel, so the field-of-view was 90° to the heading off starboard. Surveys around each island were done following the island coastlines in a counter-clockwise direction approximately 50 m away from the coast so that the survey would extend from our boat to shore at a speed of about 2 m·s−1 (Figure 1B). Surveys represented from 0.8 to 4.4 km perimeter long depending on islands size. Each mobile survey consisted of two runs around an island, one with the vertical orientation of the camera at 15°, and one at 45°.



The stationary surveys were conducted over a 15 min period from an anchored boat. The camera was slowly rotated 360° at 15° for 7 min, then at 45° vertical angles for 7 min more (Figure 2). One to three stations were sampled per island depending on the size of the island and the number of goliath grouper fishing locations known from previous fishing surveys. Because the Rémire islands were greater in number than the MPA islands, we made a total of 8 stationary samples around the Rémire islands and 3 around the MPA islands.



A total of 12 km of rocky coasts were surveyed at a rate of about 4 h per island.




2.4. Acoustic Data Treatment


An operator with strong knowledge of French Guiana fish species and their ecology analyzed the acoustic data.



Identification: Identification of demersal species was attempted via morphological criteria of the acoustic signal and acoustic shadow (a fish within an acoustic beam produces a shadow representing its silhouette, just as a fish does in a light beam) as suggest by [20] and [3], respectively.



Validation of the identification: Because of the extreme turbidity in French Guiana waters, it was not possible to use video images to validate the identification of fish on acoustic images. Acoustic imagery was validated during fishing surveys, where an acoustic camera survey was conducted at the same time as the capture of individuals with fishing rods. When brought aboard the vessel, individuals were subsequently identified, measured then released alive. Acoustic camera signals of the captured fish were therefore associated with a specific fish species.



Acoustic videos analyses: ProViewer 3.6, ©BlueView Technologies, Inc software, Slangerup, Denmark, 2011 allowed visualization of the acoustic files with “son” format. Several tools were available to analyze the acoustic videos (scroll rate setting, measure of items, zoom, and acoustic wave representation mode) that allowed watching videos as many times as necessary to identify and measure fish.



Counting: To avoid counting the same fish twice during stationary acoustic surveys, individuals that left the field-of-view were only counted as new fish upon return if they were a different size than the fish that left or if they were the same size but appeared more than 2 min later. In the same way, counting errors between mobile and stationary surveys were reduced by removing the same size individuals detected at the exact same location.



To verify the consistency of counts during mobile surveys, they were run with the same vertical view angle twice on two islands (Mamelles and Grand Connétable). Mamelles islands surveys were run one day apart, and Grand Connétable Island surveys were run a few minutes apart.



Measure: Size measurements of the same fish were made when fish signals were straight (tail lined up with the head and not curved during swimming undulations) at least two times with ProViewer software. The measurement tool of the ProViewer software provided a precision of the measure of ± 10 cm. Because the orientation of the fish may reduce the estimate of actual size (and because this error of measurement cannot be estimated, Figure 3), the largest size measured of a single fish was considered the best measure.




2.5. Scientific Fishing


Fishing surveys were organized during the same period as the acoustic one. General objectives of fishing surveys were to study the spatial distribution of fish, territoriality (mark/recapture method), to collect samples and to assess the population’s total abundance.



As goliath groupers in French Guiana were extremely territorial and presented no movement pattern between rocky islands (with perhaps the exception for the reproduction migration once a year (in July–August) where mature individuals may leave the area [45]), this work was based on the assumption that the population parameters (abundance, distribution and size range) stay identical year-round. In this way, one year of fishing data will bring the most representative data for this population. That is why data collected during the fishing survey would allow a comparison with acoustic camera data except for abundance, which was not possible to estimate with fishing data due to low participation of fishermen reporting recaptures.



Scientific fishing trips were constrained by seasonal weather conditions in French Guiana (high sea states were common from January to March). Hence, fishing was scheduled once a week from April to December in 2011 and 2012. Study sites were visited at least once a month. A total of 68 fishing trips were made (Table 2).



Goliath grouper specimens were captured with heavy-duty fishing rods and special fishing gear (non-stainless steel circle hook, no barb) to avoid fatal injuries to the fish [46,47]. All specimens were tagged, measured as the straight-line distance from the tip of the upper jaw to the end of the tail (total length LT, ±1 cm) and released alive.



The current direction is relatively constant in a westerly direction throughout the year in French Guiana. Because the goliath grouper is restricted to rocky habitats, fishing was limited to the windward side of islands; otherwise, baits moved away to muddy areas with the current (Figure 1B).



Since goliath grouper populations in French Guiana are composed of the same individuals year-round, total lengths of individual goliath groupers measured during fishing (representing real size) were compared to lengths measured in acoustic images in order to evaluate the reliability of acoustic camera measurement. Because variances of data were not homogeneous, mean total lengths were compared using a nonparametric test (Wilcoxon) with R software, version 3.3.2 (www.r-project.org (accessed on 13 October 2014)).





3. Results


3.1. Demersal Species Identification Through Acoustic Camera


Several demersal species, when moving, were detected with the acoustic camera. Identification of species having a distinguishable silhouette, such as rays, marine turtles, and sharks (Figure 4A–C, respectively), could be identified easily, whereas fish with a typical fusiform shape were more difficult to identify without additional information (Figure 4D). For this reason, important work on methodology development was done to identify the targeted species among other fish species.



Adding to morphological criteria of the acoustic signal and the silhouette of the acoustic shadow, other parameters could be considered in identifying species, such as (1) the behavior of the fish (swimming or aggregating behavior), and (2) the depth of the fish, evaluated from the fish signal position in relation to the acoustic video scale (see on Figure 4E). In this way, goliath groupers were identified in acoustic images using four combined morphological and behavioral characteristics: (1) body width relative to the length of the species produces a massive acoustic image, bulkier than other species, (2) length of fish tends to be large (up to 2.50 m), especially compared with other grouper species (<40 cm) living in similar habitats, (3) swimming behavior, because grouper show a distinctive swimming style with slow tail undulation relative to other fish that could reach a similar size like mackerel (Scomberomorus sp.) or tarpon (Megalops atlanticus) and (4) the depth of occurrence (near the bottom) since other fish species do not use the same area of the water column (pelagic fish). Thus, with prior knowledge of fish species silhouette, their behavior and the depth of occurrence, it was possible to identify fish species from acoustic images. However, because of the difficulty of distinguishing very small individuals (<40 cm) from other species, they were not included in the present study.



Seven individuals with a characteristic acoustic image showing obvious morphology, slow swimming behavior, large size and a demersal position were caught on rocky study sites during the combination of both acoustic camera and fishing surveys. All seven were confirmed as goliath groupers. No other fish were caught during these combined surveys.




3.2. Length of Fish


The measurement of fish observed during a campaign with both acoustic and fishing surveys highlighted no difference between measurement methodologies (Mann–Whitney, p > 0.05) even when the average sizes estimated using the acoustic camera were 13 cm smaller than the actual size (Table 3).



3.2.1. Total Length Estimated with the Acoustic Camera


Over the entire study area, the mean total length of the goliath groupers observed with the acoustic camera was not significantly different between 2011 (85.9 ± 30.8 cm) and 2012 (83.6 ± 23.7 cm; Mann–Whitney, p > 0.05). No temporal evolution was highlighted in each study site either (Mann–Whitney, p > 0.05, Figure 5).



In both years, individuals detected around Rémire islands were significantly smaller (73.5 ± 26.4 cm in 2011 and 78.6 ± 22.5 cm in 2012) than individuals detected around the Grand Connétable Island MPA (99.3 ± 28.7 cm in 2011 and 89.9 ± 26.3 cm in 2012; Mann–Whitney, p < 0.05).




3.2.2. Measured Total Length by Fishing


Overall, the mean total length of the captured goliath groupers was not significantly different between 2011 and 2012 (121.7 ± 28.6 cm and 119.4 ± 19.3 cm, respectively; Mann–Whitney, p > 0.05). In addition, the mean total length was not significantly different at each sampled area between 2011 and 2012 (Mann–Whitney, p > 0.05). In both years, individuals caught around Rémire islands were significantly smaller (95.3 ± 34.9 cm in 2011 and 106.4 ± 27.7 cm in 2012) than individuals of Grand Connétable Island MPA (123.7 ± 28.5 cm in 2011 and 121.7 ± 19.3 cm in 2012; Mann–Whitney, p < 0.05).



Whatever the area or the year, the total length estimated with the acoustic camera was always significantly lower than the total length of captured individuals (Mann–Whitney, p < 0.05; Figure 5). On average, there was a 26.4 ± 4.3 cm difference between the measurement methods.





3.3. Abundance of Demersal Fish


In September 2011, a total of 217 goliath groupers were counted via acoustic camera around rocky islands and 163 individuals in September 2012.



Differences in abundance occurred between the two studied areas. In 2011, a total of 90 individuals were identified around Rémire islands and 127 individuals around the Grand Connétable Island MPA. In September 2012, the number of goliath groupers was slightly lower in both sites, with a total of 86 individuals at Rémire islands and 77 at the Grand Connétable Island MPA (Table 2).



Stationary surveys increased the number of individuals detected during the mobile survey by 16 ± 2%, with 39 additional individuals in 2011 and 23 individuals in 2012 (Table 2).



Counting repeated once around the two sites yielded similar results with one individual difference each time (Table 4).



Because some fishermen did not return information on recaptures, estimation of the abundance of the goliath groupers via the fishing survey was not possible. The results presented are the count of caught fish.



The number of individuals caught at the Grand Connétable Island MPA in 1 year represented more than 84% of the total catch of the studied areas. Indeed, 10 and 13 individuals were caught around Rémire islands in 2011 and 2012, respectively, and 120 and 68 individuals were caught at the Grand Connétable Island MPA area in 2011 and 2012, respectively. The number of individuals caught in the MPA was reduced by one-half between 2011 and 2012, while the number of individuals was nearly constant in Rémire islands (Table 2).




3.4. Spatial Distribution of Demersal Fish


Whichever the methodology was used, individuals were observed very close (<20 m) to the rocks, with the exception of one individual caught 60 m away from the rock. Most of the individuals (98%) caught during the fishing surveys were located on the east and southeast sides of the islands (Figure 6). Acoustic surveys highlighted a more widespread spatial distribution, with acoustic detections all around the islands (Grand Connétable Island MPA), with the exception of the southwest side (Rémire islands, Figure 6).





4. Discussion


4.1. Detectability of Demersal Fish with P900-130 BlueView Acoustic Camera


Until recently, many studies using an acoustic camera have focused on pelagic fish [18,21,48]. The use of acoustic cameras with the specific goal of studying demersal species was mentioned once [29], but mullet, eels, and barbel were identified during scientific surveys [3,49]. Benthic species on the sediment could be confused with inanimate objects, but remaining in a stationary position for 15 min increased the probability of detecting motionless individuals if they move in that time frame.



In this study, the goliath grouper was chosen as a target demersal fish to evaluate the capabilities of the acoustic camera. This species was identified by combining morphological and behavioral characteristics (1) the shape of the acoustic signal, (2) the size of the signal, (3) swimming behavior and (4) depth of occurrence. Such criteria were supported by the comparisons between the acoustic signal and visual identification of 7 captured individuals when both methodologies (fishing and acoustic camera) were used on the same individuals at the same time. Acoustic shadow and swimming behavior were considered major criteria for identifying species because cubera snapper (Lutjanus cyanopterus), morphologically similar to goliath groupers and occupying the same habitat [50], would have been difficult to distinguish with the P900-130 BlueView camera. However, L. cyanopterus is behaviorally more active and swims faster than goliath groupers. Thus, it is considered unlikely that this species would bias data on goliath groupers. In all cases, acoustic imagery was analyzed by a specialist of marine species of French Guiana in order to minimize identification errors.



Identification errors were also minimized by removing individuals < 40 cm. Since the goliath grouper population around rocky sites was described as composed of few individuals < 60 cm, the abundance estimated with the acoustic camera should not be biased significantly [51]. Indeed, juveniles of goliath groupers (<120 cm) occupy another habitat (mangroves) during their first years of life [32,52].




4.2. Accuracy of Measurement with an Acoustic Camera


Mean sizes of individuals detected with the acoustic camera were smaller than those of individuals caught during the scientific fishing survey. Such a difference where estimated sizes with the acoustic camera were slightly lower than sizes of captured fish was observed previously [18,53,54]. Three reasons could explain this difference: (1) measurements with an acoustic camera depend on the angle of the fish in the acoustic beam (Figure 3) and the degree of reflectiveness of fishtails; (2) Measurement errors could also be due to the active behavior of the fish that does not allow a suitable image to measure [18], and (3) measurement of the fish on deck may be biased upward because some may measure by following the contour of the fish rather than measuring the straight line distance. Such an error could increase the size of the fish by approximately 5%, whereas measurements of acoustic images are always a straight line.



Nevertheless, regardless of the method of measurement (direct measurement on deck or measurement via acoustic camera), patterns of size distribution were similar: small individuals around Rémire islands and larger ones around the Grand Connétable Island MPA. Even if sizes were underestimated with the acoustic camera, this method still allows scientific studies on temporal and spatial patterns of fish size, giving a measure of relative size rather than absolute size (the same protocol must be used) and has the advantage of being more efficient than fishing surveys. In addition, with large fish like goliath groupers, acoustic size estimates provide confidence in identification, which minimizes counting error.




4.3. Stock Assessment with an Acoustic Camera


Besides identification and measurement errors, an acoustic camera could have other limitations resulting in an under or overestimation of fish abundance. Immobile individuals on the bottom are not counted because they can be confused with rocks. Such an error would cause underestimation of actual abundance. This bias could be minimized by combining stationary and mobile surveys because stationary surveys allow time to observe fish movement. However, stationary surveys produce another bias because fish can leave the acoustic camera field-of-view then return to the field, leading to multiple counts on the same individual and resulting in an overestimation of abundance. Over-counting was minimized by measuring individuals, but errors could result from counting fish of the same size.



Quantification of counting bias was not possible during the present study because visual counting was not possible in French Guiana relative to studies in other areas [12,14]. However, the repeatability of the method showed that the results are reliable, and its reproducibility could be used to study inter or intra annual variation of the total abundance of a demersal species with a P900-130 BlueView acoustic camera.



Even if goliath groupers show strong home-site fidelity, remaining on the same site year-round, it would not have been possible to estimate the number of individuals using mark/recapture data because study sites were fished, and many fishers did not participate in this study. The acoustic camera, even with its limitations, is a powerful tool to quantify the abundance of marine species [48]. In this study, it was clear that the efficiency of the acoustic camera was much greater than that of fishing.



By combining mobile and stationary surveys, it was possible to improve the detection of individuals (16% more individuals) and, therefore to minimize the counting bias on immobile individuals [29].



Abundance estimated with the acoustic camera followed the same trend as counting derived from fishing (higher abundance in the Grand Connétable MPA than Rémire islands; higher abundance in 2011 than in 2012). Since there was no other possible methodology to study abundance in turbid and shallow waters and that estimation via fishing method “failed”, acoustic cameras appeared as the most appropriate tool to perform spatial and temporal surveys of demersal fish populations in the turbid environment of French Guiana. Abundances found for goliath groupers in September, between 163 and 217 individuals around rocky areas in front of Cayenne, need to be confirmed at different times of the year. Multiple seasonal surveys with the acoustic camera would accurately estimate intra-annual variation of abundance around the islands. Therefore, seasonal acoustic surveys would improve data for stock assessments. Such an approach may also provide information on the most efficient time (most representative of the standing population) to take the survey if deployment of the acoustic camera is limited.




4.4. Spatial Distribution


Goliath grouper were mostly caught at the east and southeast part of islands where the prevailing current was greatest. None were caught away from the current even though fishing was attempted in these areas. Prevailing currents are oriented north–northwest because of Guianas current [55,56,57]. Thus, the east coasts of the islands are exposed to the wave action, whereas the west coasts are protected, with far less wave action. On the windward side of the islands, baits went close to rocky habitats, but on the calm shore, they moved away to muddy areas. Since goliath groupers are restricted to rocky habitats, this bias could explain the restricted spatial habitat found with the fishing survey. Moreover, fishing is always biased by the feeding behavior and the previous dietary intake. A way to avoid these limitations would be to change the fishing method (fishing nets instead of fishing rods), but it would be destructive for fish populations and is not always possible, especially in rocky habitats.



Acoustic cameras overcame the fishing sampling limitations (current constraints, dietary intake and behavior) and enabled the exploration of an area wider than that fished and also to locate additional habitats used by the species. On offshore sites (Grand Connétable Island MPA), the presence of goliath groupers was confirmed all around the island, exposed or protected sides. On inshore sites (Rémire islands), individuals were detected all around islands, with the exception of the southwest side.



Briefly, after 68 fishing trips in two years, the spatial distribution of targeted species was less representative than a half-day working around an island with an acoustic camera. Analyzing the acoustic camera data is time-consuming, and the method has its own limitations; however, it is clearly more appropriate than fishing to determine the spatial distribution of large demersal fish species in the extremely turbid waters of French Guiana.




4.5. Using an Acoustic Camera in Extremely Turbid Environment


The first use of an acoustic camera for the purposes of assessing the abundance and diversity of marine organisms in the extremely turbid waters of French Guiana was described. All rocky areas between Cayenne and the Approuague River Estuary, representing 12 km of coastline, were surveyed and recorded with the P900-130 BlueView acoustic camera. The camera allowed overcoming limitations imposed by extreme turbidity [6]. Marine species with a characteristic shape (ray, turtles, and sharks) were easily identified, even at a species level, based on their silhouette (for example, manta ray and long nose ray). However, these criteria were not adequate for species with similar morphology, such as most fish, for which other criteria, such as the swimming behavior, were needed. Fish swimming behavior was previously used as an additional character in acoustic-mediated identification [49]. However, it was not possible to identify all fish species with a P900-130 BlueView, in particular, species smaller than 40 cm.



Acoustic cameras are useful in some situations, but usefulness depends on the scientific question. The goal of many studies using acoustic cameras has been to study the total abundance of fish in habitats of limited visibility [8,14,15,19], or to focus on one species that was morphologically different from all other species [17,26]. Most studies attempting identification to a species level were carried out with a DIDSON camera at a high frequency (1.8 MHz) [3,9], which is twice the frequency of the P900-130 BlueView. Higher frequencies typically produce clearer images; thus, it would be interesting to compare both types of acoustic cameras in French Guiana.



Nevertheless, the use of the ProViewer provides sufficient resolution of certain marine animals, those with distinct morphology and/or behaviors, for identification and measurement and is therefore useful for assessment of stock status for those species. In addition, for some species, juveniles can be distinguished from adults (e.g., marine turtles, sharks and goliath groupers) because maturity is a function of size. In French Guiana, such information could be used to develop an effective program for marine ecosystem management.





5. Conclusions


Acoustic camera surveys were demonstrated to be an effective method to assess stocks of large fish species. The P900-130 BlueView model allows the identification of demersal fish like goliath groupers while swimming. For smaller mobile species, it would be necessary to increase the video resolution with a more powerful model with higher frequencies. Using methods described in this study, it is possible, with the appropriate species, to evaluate spatial distribution, assess the total abundance and describe the total length; no other method has these capabilities in extremely turbid waters. This approach should be extended to other demersal or large pelagic species in the French Guiana region to fill the current lack of knowledge in marine species ecology.
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Figure 1. (A) Marine rocky islands of eastern French Guiana where goliath groupers (Epinephelus itajara) were sampled acoustically and by fishing. (B) La Mère island (Rémire islands) showing acoustic camera deployment from the boat (dash line) and fishing locations (dotted line). Dark gray zone indicates the field of view of the acoustic camera (+) indicates the presence of rock, (−) the presence of mud and arrows indicate the prevailing marine current. 
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Figure 2. Diagram of the P900-130 BlueView acoustic camera installation on a boat and its field-of-view for demersal fish survey in French Guiana. 
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Figure 3. Scheme of measurement error of fish with an acoustic camera. 
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Figure 4. Detection of a ray (A), a marine turtle (B), a shark (C), a goliath grouper (Epinephelus itajara) with its corresponding acoustic shadow (D) and scheme of the determination of the fish position in the water column (E) with a P900-130 BlueView acoustic camera. 
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Figure 5. Mean total length (cm) of goliath groupers (Epinephelus itajara) estimated with a P900-130 BlueView acoustic camera (white box) and measured during fishing trips (gray box) around rocky islands of French Guiana in 2011 and 2012. 
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Figure 6. Spatial distribution of goliath groupers (Epinephelus itajara) around Rémire islands (A) La Mère and Mamelles, (B) Le Père, (C) Malingre) and in the Grand Connétable Island Marine Protected Area ((D): Grand Connétable, (E): Petit Connétable). Gray shaded: bottom substrate type (light gray for mud and sand; dark gray for rock, obtained from side-scan sonar mapping). White points: fishing observations, black points: acoustic camera observations. 
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Table 1. Characteristics of Rémire islands and Grand Connétable Island Marine Protected Area, rocky islands of French Guiana.
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	Site
	Perimeter (km)
	Depth (m)
	Facies





	Rémire Islands
	
	
	



	Mamelles
	2.3
	0.5–4.5
	Rocky screes



	La Mère
	4.4
	1.5–5
	Screes, large boulders



	Le Père
	3
	1.5–7
	Large boulders, walls



	Malingre
	1.1
	1–5
	Large boulders, walls



	Grand Connétable Island MPA
	
	
	



	Petit Connétable
	0.8
	4–10
	Large boulders, walls



	Grand Connétable
	0.3
	5–9
	Walls










[image: Table] 





Table 2. Number of goliath groupers counted around rocky sites using the acoustic camera and fishing in 2011 and 2012. N survey: number of fishing trips.
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2011

	
2012




	

	
Acoustic Camera Survey

	
Fishing

	
N Survey

	
Acoustic Camera Survey

	
Fishing

	
N Survey




	
Mobile

	
Stationary

	
Total

	
Mobile

	
Stationary

	
Total






	
Mamelles

	
3

	
17

	
20

	
5

	
7

	
18

	
0

	
18

	
7

	
8




	
La Mère

	
33

	
0

	
33

	
1

	
3

	
17

	
0

	
17

	
2

	
4




	
Le Père

	
23

	
14

	
37

	
3

	
5

	
39

	
6

	
45

	
3

	
4




	
Malingre

	
-

	
0

	
0

	
1

	
2

	
6

	
0

	
6

	
1

	
3




	
TOTAL Rémire Islands

	
59

	
31

	
90

	
10

	
17

	
80

	
6

	
86

	
13

	
19




	
Petit Connétable

	
26

	
0

	
26

	
15

	
19

	
29

	
7

	
36

	
3

	
10




	
Grand Connétable

	
93

	
8

	
101

	
105

	
2

	
31

	
10

	
41

	
65

	
1




	
Grand Connétable Island MPA

	
119

	
8

	
127

	
120

	
21

	
60

	
17

	
77

	
68

	
11




	
TOTAL

	
178

	
39

	
217

	
130

	
38

	
140

	
23

	
163

	
81

	
30
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Table 3. Real and estimated total length with variation (cm) of the seven fish observed during simultaneous acoustic camera and fishing campaigns.
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	Fish
	Size Measured during Fishing Survey
	Size Estimated with an Acoustic Camera
	Variation





	1
	101
	90
	−11



	2
	122
	80
	−42



	3
	171
	170
	−1



	4
	124
	120
	−4



	5
	112
	100
	−12



	6
	120
	110
	−10



	7 *
	−
	100
	−



	Mean
	125
	112
	−13







* Fish 7 escaped before size measurement and was not included in the calculation of the size mean and size comparison.
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Table 4. Repeatability of goliath groupers (Epinephelus itajara) counting with a P900-130 BlueView acoustic camera.
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	Site
	Count 1
	Count 2





	Mamelles
	20
	21



	Grand Connétable
	95
	94
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