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Abstract

:

Understanding the diurnal and nocturnal activity of organisms is a key topic in behavioral ecology, with implications for population structure and management strategies. In reef systems, parrotfishes play crucial roles as nominal herbivores, but overfishing has led to population collapses with detrimental effects on reef functions. Parrotfish are good models to study diel rhythms, as they are often easily observed while sleeping at night. We assessed the distribution, sleeping substrate selectivity and sleeping areas of parrotfishes during the night in a subtropical rocky reef of the Southwestern Atlantic. We performed replicated visual censuses (50 × 2 m) at different depths to estimate parrotfish abundance, while quantifying the structural complexity of sleeping sites. Among the seven recorded parrotfish species, we focused on the four most abundant to determine their sleeping habitat selectivity. Active telemetry was used for the two most abundant species to define their sleeping site areas and sleeping hotspots. All four species exhibited a preference for sediment as a sleeping substrate, while avoiding zoanthids. Species distribution was influenced by depth, with Scarus zelindae predominantly sleeping in high-complexity substrate at intermediate depths and Sparisoma tuiupiranga sleeping in the rock–sand interface at deeper depths. Tagged Sparisoma axillare and Sparisoma frondosum exhibited similar sleeping areas in terms of size and geographical locations; showing high site fidelity, they returned to the same sleeping sites over consecutive nights. These results represent the first assessment of parrotfish distribution and habitat use at night in the Atlantic. This information is crucial for guiding management actions, particularly in the planning of no-take zones for fishing control and population recovery.
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Key Contribution: Parrotfishes in subtropical reefs of the Southwestern Atlantic exhibit high site fidelity for sleeping sites; with different species choosing different reef substrates to sleep along a depth gradient.










1. Introduction


Reef fishes exhibit several behavioral characteristics that influence their population dynamics, distribution patterns and ecological interactions within reef ecosystems, including high site fidelity [1], long-term site attached behavior [2], territoriality [3] and other complex behaviors [4]. These behaviors shape their affinity and reliance on the reef substrate, further impacting their ecological roles on reefs.



Most reef fish species are diurnal, being mainly active during the day [5]. This period of time is when they carry out most of their critical activities, such as feeding, breeding and several intra- and interspecific interactions (e.g., cleaning and agonistic interactions) [4]. In addition, several species exhibit circadian movements associated with migration, feeding and reproduction, which can have implications for ecosystem dynamics [6,7]. Thus, evaluating the temporal variation of the various activities performed by reef fish throughout day and night is essential to comprehensively understand their functional roles as well as to evaluate their spatial and temporal variability at different scales [8,9]. Ultimately, this information can provide valuable insights into species dynamics and functional ecology, providing critical information to prioritize effective initiatives of conservation and management.



Throughout the daily cycle of activities, species are subjected to diverse threats that vary in types and intensity. Anthropogenic impacts can affect species in a similar way during the day and night [10]. However, local impacts during specific periods can disrupt the circadian rhythms of some species. For example, nocturnal fishing activities in marine environments have been observed to alter the behavior of target species [11]. The escalating pressure of recreational and commercial nocturnal fishing [12], and the use of artificial lights are some of the major threats to nocturnal marine life [11]. Unfortunately, general information on behavior and, more specifically, on habitat use by reef fish at night is scarce [9,13,14,15], mainly due to logistical difficulties in data acquisition.



Herbivorous reef fishes are considered key species in reef ecosystems due to their comparatively high biomass and their intense grazing activity, which can influence the distribution and composition of the benthic community at various scales [16,17]. Parrotfishes (family Labridae, subfamily Scarinae) are among the most ubiquitous components of fish assemblages in tropical and subtropical reefs [18,19]. Their specialized feeding morphology allows them to graze on both biogenic and non-biogenic substrates in search of microscopic photoautotrophs [20,21,22], thereby contributing to successional dynamics of epilithic and endolithic biota.



In recent decades, the overexploitation of top predators in reef systems around the world has promoted an increase in the spearfishing of large herbivorous fish, including numerous parrotfish species [19,23,24,25,26]. The removal of these large parrotfishes has resulted in the disruption of critical functions and changes in ecosystem dynamics [27,28,29]. For instance, Scarus trispinosus, the largest endemic parrotfish on the Brazilian coast, is now considered functionally extinct in certain regions at its southern limit of distribution due to intensive spearfishing pressure [19,25]. One of the reasons for this is the sleeping behavior of many parrotfish species, which involves resting in exposed substrate rather than seeking shelter, making them particularly vulnerable to night spearfishing activities. Indeed, night spearfishing has been reported as an important driver of population decrease for various parrotfish species around the world [25,26,30,31,32,33,34].



To optimize conservation initiatives focused on parrotfish species, it is crucial to comprehensively understand not only their diurnal behavior and distribution [2,35], but also their habitat use and distribution at night. Night time is when these species are most vulnerable to fishing and studying them during this period will provide crucial information to promote parrotfish conservation [36]. Our objective was to investigate the abundance and spatial distribution patterns of parrotfish species, with a special focus on their fidelity of sleeping site and selectivity for particular reef substrates during nighttime. We worked in subtropical rocky reefs of the Southwestern Atlantic, using a combination of underwater visual census and active acoustic telemetry during nocturnal periods. The obtained information will help managers define areas of high habitat quality for sleeping sites to include those in no-take zones.




2. Methods


2.1. Study Site


The study sites are located within the Marine Extractive Reserve of Arraial do Cabo (Figure 1), which was established in 1997, in the state of Rio de Janeiro, Brazil (22°57′57″ S, 42°01′40″ W). This Extractive Reserve consists of a partially protected area where only local fishermen are allowed to exploit resources. However, no-take zones are absent in this reserve and enforcement is poorly employed, with different sorts of fishing gear being used, including spearfishing [25]. Local reefs consist of shallow granitic rocky shores with depths reaching a maximum of 12 m. Benthic cover is dominated by epilithic algae and zoanthids, with sponges and a few massive and branching coral species [37,38,39]. The region lacks significant freshwater inputs, with low precipitation (<850 mm year−1, [40]) resulting in good visibility (~8 m) throughout most of the year.




2.2. Parrotfish Spatial Distribution at Night


Fieldwork to assess the spatial distribution of parrotfishes at night was conducted over two periods: April to May 2017 and April to May 2018, each lasting 40 days. Nocturnal underwater sampling commenced one hour after sunset and was concluded before 11 pm, encompassing depths ranging from 1.5 to 12 m. We performed 126 underwater visual censuses (UVCs) using replicated strip transects measuring 50 m long and 2 m wide (100 m2). We surveyed five sites with a minimum of 25 replicated UVCs in each of them (Figure 1). The UVC method consists of identifying, counting and estimating the size (total length in cm) of all parrotfish observed along each transect. We used flashlights with no color filters during surveys, as they have been shown not to influence the assessment of the local reef fish assemblages at night [41]. Additionally, we recorded the depth and topographic complexity in each transect. Three habitats were classified according to their depth strata: shallow (<4 m), slope (4–8 m) and the interface between reef and sand (8–12 m). Topographic complexity was classified in three categories adapted from [37]: high (large boulders and holes > 1 m in size and height), medium (predominance of small boulders and holes < 1 m in size and depth) and low (few and small boulders and holes, <10 cm).




2.3. Sleeping Substrate Selectivity


We conducted an assessment of the sleeping substrate selectivity for the most abundant parrotfish species in the area, namely Sparisoma axillare (Steindachner, 1878), Sparisoma frondosum (Agassiz, 1831), Sparisoma tuiupiranga Gasparini, Joyeux, and Floeter, 2003 and Scarus zelindae Moura, Figueiredo, and Sazima, 2001 (Figure 2). We actively searched for sleeping individuals and recorded the type of substrate each was using. We also recorded the substrate availability by assessing the substrate at four points located 90° apart from each other around a center point (i.e., the sleeping parrotfish) and 30 cm away from this central point. Therefore, the substrate just below each individual parrotfish was used to characterize sleeping substrate, while the substrate at the four other points was used to characterize substrate availability. Substrate type was classified into the following categories: Codium spp., Sargassum spp., Dictyota spp., other macroalgae, crustose coralline algae (CCA), epilithic algal matrix (EAM), Millepora alcicornis, Mussismilia hispida, Phyllogorgia dilatata, Siderastrea stellata, Palythoa caribaeorum, Tubastraea spp., Aplysina spp. and encrusting sponges. Non-biogenic substrates were classified as sediment or bare rock. Finally, we recorded the use of shelter by each sleeping individual as: low (totally exposed), medium (partially protected by topography) and high (sheltered, protected by topography on more than two sides), and a graphical representation of the data (heatmap) where the individual, topographic and habitat values, contained in a matrix, are represented as colors using the R package pheatmap 1.0.10.



During observations, divers maintained a minimum distance of one meter from the fish to minimize disturbance and avoid awakening the individuals [42].




2.4. Sleeping Site Area and Sleeping Hotspots—Acoustic Telemetry


We used active acoustic telemetry techniques to determine sleeping site area and sleeping hotspot of S. frondosum and S. axillare. We used these two species as models due to their size suitability for transmitter implantation and their higher abundances in the region [43]. Tracking activities were restricted to nighttime hours when parrotfish were inactive, estimating the sleeping site area over 3–5 consecutive days. We captured individual fish while sleeping by using hand nets and SCUBA diving at nine distinct sites between March 2018 and August 2019. Upon capture, the individuals were brought to the boat and carefully placed on a tray containing seawater for transmitter implantation. The total length (TL) of all individuals was measured to the nearest millimeter. The area between the pelvic fins was sterilized, and a 10 mm incision was made to insert a sterilized transmitter (V9-2H, VEMCO Ltd, Halifax, NS, Canada) in the peritoneal cavity. After surgery, each individual was transferred to a seawater tank for a rehabilitation period of at least 10 min. After this recovery phase, tagged individuals were released by divers in the same location where they were initially collected. No tagging-induced mortality was recorded, and all tagged individuals exhibited normal swimming behavior within 24 h following tagging.



Active tracking was conducted using a multidirectional hydrophone and a calibrated receiver (VH110, VEMCO Ltd, Halifax, NS, Canada) from a 4.8 m inflatable boat. The receiver was able to detect six different frequencies emitted by the transmitters (60, 63, 75, 78, 81 and 84 kHz). Consequently, the maximum number of individuals that could be simultaneously tagged in a single location was limited to six. The battery of each tag lasted for 7–10 days. During the tracking observations, the position of the boat was adjusted to optimize the signal strength, ensuring recording over 80 dB, which indicated that the tagged individuals were within a five-meter range from the boat.



Prior to the first night of tracking, a diver observed the behavior of tagged fish in response to boat noise, specifically searching for signs of escape responses. The presence of the boat did not influence the sleeping behavior of the tagged parrotfish, as they remained stationary during the nocturnal tracking activities. Tracking of each individual started more than 24 h after tagging, allowing time for recovery. Once a tagged fish was detected, continuous tracking was conducted for at least 10 min to confirm its lack of activity. Throughout the following nights, the tagged fish were searched for in all sites until the batteries of the transmitters were depleted. If a tagged fish was not found during the search, we assumed that high structural complexity could have impeded signal reception. All tracking started 60 min after sunset, when it was expected that the parrotfish had already returned to their sleeping sites.




2.5. Data Analysis


Parrotfish density was compared among sites through one-way analysis of variance (ANOVA), followed by a Tukey post-hoc test to determine specific differences among sites. To assess the composition of parrotfish spatial distribution across depth strata, topographic complexity and sites, we used a Permutational Multivariate Analysis of Variance (PERMANOVA; with 999 permutations) based on a Bray–Curtis dissimilarity matrix using density data as the response variable. To visualize the spatial distribution of parrotfish density among sites, we performed a non-metric multidimensional scaling (nMDS) using each UVC as a replicate. PERMANOVA and nMDS were performed with the functions “adonis” and “metaMDS”, respectively, with the package “vegan” [44] in the software R (ver. 4.3.2).



The sleeping substrate selectivity of each species was evaluated using Ivlev’s electivity index [45,46]. This index is calculated as Ei = (ri − pi)/(ri+ pi), where ri is the proportion of substrate i used to sleep on and pi is the availability of the substrate i. The electivity index values vary from −1.0 to +1.0, with positive values indicating preference, negative values indicating avoidance and values close to 0 indicating that the use of a given substrate is proportional to its availability. To determine the significance of substrate selectivity, we calculated the 95% confidence interval benthic category of each parrotfish species. If the 95% CI did not cross zero, we considered the benthic substrate to be statistically significantly considered either positively or negatively by the species. To verify similarities in the use of sleeping substrates among species, we performed a cluster analysis using Euclidean distance with complexity (high, medium and low) and habitat type (interface, slope and shallow) grouped in categories. By clustering the substrates, we could identify patterns of substrate preference or avoidance shared among the different parrotfish species.



To evaluate whether parrotfishes displayed sleeping homing behavior by returning to their capture site after displacement, we estimated the sleeping site area using kernel utilization distribution (KUD) analysis. KUD calculates relative probability of where the fish will be found during a given time [47]. Only individuals recorded on at least two non-consecutive nights were considered in the analyses of sleeping site area. We used the 50% KUD to identify fish sleeping hotspots (i.e., the areas where fish were likely to sleep in 50% of cases) and the 95% KUD to calculate the core area of the animals’ sleeping site area. KUDs were calculated for each individual based on the total number of tracking positions. Analyses were performed with the R software and executed with the package “adehabitatHR” [48].



Data on the homoscedasticity of sleeping site areas and sleeping hotspots (95% and 50% KUD, respectively) were assessed with Fisher’s F-test (F17,22 = 20.86, p > 0.05; F17,22 = 9.16, p > 0.05). We then used a Student’s two-sample t-test to check for significant differences in KUD area between parrotfish species. The relationship between sleeping site area (based on 95% KUD) and fish body size (TL) was assessed with a Pearson correlation test as the assumption of normality for parametric correlation evaluations was confirmed by the Shapiro–Wilk normality test.





3. Results


3.1. Composition and Spatial Distribution of Parrotfish at Night


We recorded seven parrotfish species during the UVCs: Sparisoma axillare, Sparisoma frondosum, Sparisoma tuiupiranga, Sparisoma radians (Valenciennes, 1840), Sparisoma amplum (Ranzani, 1841), Scarus zelindae and Scarus trispinosus (Valenciennes, 1840). The most abundant species was S. frondosum (35% of the total abundance), followed by S. tuiupiranga (27%) and S. axillare (25%). Scarus trispinosus and S. amplum were found in less than 1% of transects, corresponding to 0.02% and 0.01% of the total number of recorded individuals, respectively. Among the four most abundant species, the only species that showed significant statistical difference among sites was S. frondosum, which was more abundant at Ilha dos Porcos than Saco do Gato (ANOVA, F = 3.292, p(>F) = 0.015; Tukey HSD, p = 0.006) (Figure 3).



Depth was the most important environmental factor influencing the composition and distribution of parrotfish spatial distribution along the rocky reef at night (PERMANOVA, R2 = 0.04, P = 0.03), whereas topographic complexity was not significant (p > 0.05) (Table S1). Most species showed higher abundances at intermediate depth, while Sparisoma tuiupiranga was significantly more abundant in the deeper strata of the rocky reef (Figure 4).




3.2. Sleeping Substrate Selectivity


We registered 192 sleeping parrotfish: 54 S. frondosum, 63 S. axillare, 52 S. tuiupiranga and 23 S. zelindae. All species used the substrate similarly, selecting sediment as their preferred substrate, and avoiding Palythoa caribaeorum (Figure 5). Additionally, S. axillare avoided Millepora alcicornis and Siderastrea stellata (Figure 5B), S. tuiupiranga avoided Sargassum spp. (Figure 5C) and S. zelindae avoided S. stellata (Figure 5D).



Sleeping substrate preferences varied among species in terms of topographic complexity and habitat (depth). Both S. frondosum and S. axillare used all three habitats in similar proportions for sleeping (Figure 5F), with a higher frequency in areas of low and medium structural complexity (Figure 5E). In contrast, S. zelindae individuals predominantly selected sleeping areas with high topographic complexity, usually within crevices (Figure 5E). Sparisoma tuiupiranga was more frequently observed sleeping on the interface (61.54%), while S. zelindae was primarily observed sleeping in the slope (medium depth) (60.87%) (Figure 5F).




3.3. Sleeping Site Area and Sleeping Hotspots—Acoustic Telemetry


We successfully captured and tagged 39 S. axillare and 25 S. frondosum. However, only 23 S. axillare (mean TL = 408 mm; range 312–500 mm) and 18 S. frondosum (mean TL = 363 mm; range 310–432 mm) were registered in more than two consecutive nights and were included in the final analyses (Table 1). We found no difference in 95% KUD (t = 1.52, df = 39, p = 0.14) nor 50% KUD (t= 1.48, df = 39, p = 0.15) between S. axillare and S. frondosum (Figure 6). The sleeping site area (95% KUD estimates) of S. axillare ranged from 0.14 to 208.8 × 103 m2 with an average of 25.93 ± 10.15 × 103 m2 (mean ± SE), and S. frondosum ranged from 0.057 to 70.38 × 103 m2 with an average of 8.15 ± 3.79 × 103 m2 (mean ± SE) (Table 1). There was no relationship between fish size (TL) and sleeping site area for S. axillare (r = 0.19, p = 0.38) or S. frondosum (r = −0.38, p = 0.13).



Sleeping hotspots (50% KUD) represented 21.14 ± 0.8% of the sleeping site area (95% KUD) for S. axillare individuals and 19.81 ± 0.83% for S. frondosum individuals. These values were calculated as 5.86 ± 2.56 × 103 m2 (mean ± SE) and 1.45 ± 0.62 × 103 m2 for S. axillare and S. frondosum, respectively (Table 1 and Table S2). Individuals of S. axillare (65.22%) showed mainly two cores of sleeping hotspots, while 61.11% of S. frondosum had one core sleeping hotspot (Table 1 and Figure 6).





4. Discussion


Our study presents unique findings regarding the distribution and sleeping habits of parrotfishes at night, achieved by combining underwater visual censuses, behavioral observations and acoustic telemetry. There is clear evidence of distinct nocturnal distribution patterns among studied parrotfish species in these reefs, with depth being the primary driver. The four most abundant species consistently select non-biogenic substrates, such as sediment patches, for resting during the night, while avoiding zoanthids. The only Scarus species included in the study (S. zelindae) was frequently observed sleeping in high-complexity substrates, while the smallest species, S. tuiupiranga, was frequently found at the reef–sand interface. The two tagged Sparisoma species (S. frondosum and S. axillare) displayed strong site fidelity to their respective sleeping areas over consecutive nights, exhibiting similar-sized sleeping site areas and sleeping hotspots.



4.1. Composition and Spatial Distribution of Parrotfish at Night


During their life cycle, different parrotfishes explore a diverse set of shallow habitats, from sandy vegetated areas to mangroves and reefs [18,49], feeding on epilithic and endolithic microscope photoautotrophs [20,50]. Several factors can influence the diurnal distribution of parrotfishes, such as algal species composition and benthic cover [51,52,53,54], wave action and water temperature [43,51], reef structural complexity [36,55], depth [43,53] and reef zone [55]. In the Caribbean, topographic reef complexity is positively correlated with parrotfish abundance, providing increased niche availability, refuge and food resources [56]. Habitat preferences in parrotfish seem to be established during the settlement and recruitment period [56], but habitat utilization is also influenced by ontogenetic shifts in some species [57,58].



Our results indicate that reef complexity only weakly explained the occurrence and density of parrotfish species during the night. The rocky reefs in our study area mainly consist of rocks and boulders of varying sizes, forming crevices through their arrangement [37]. The presence of milleporids (Millepora alcicornis), gorgonians (Phyllogorgia dilatata) and sponges can enhance rugosity when present [38]. Although such complexity varies across depth, habitats and sites [43], and influences the dynamics of fish and mobile invertebrates, it had no significant effect on parrotfish distribution during the night, which corroborates findings on parrotfish sleeping sites in a deeper reef gradient in the Red Sea [15]. Apart from S. zelindae, which exhibited a preference for sleeping in crevices, the other species showed less selectivity for specific sleeping substrates. Indeed, they remain partially or entirely exposed during the night, rendering them especially vulnerable to spearfishing.



Depth is considered an important factor influencing the structure of reef fish assemblages during the day [59]. In addition, wave exposure influences fish composition through physical disturbances [56], affecting the mobility and foraging behavior of several fish species [60,61]. Although these drivers play an important role in shaping the dynamics of parrotfish during the day [43], they may not necessarily serve as reliable predictors for site and habitat selection during rest periods [15,36]. Previous studies in Arraial do Cabo have shown that parrotfish are absent from areas with stronger upwelling and higher wave surge [43]. In our study, depth influenced the distribution of one parrotfish species, with sleeping Sparisoma tuiupiranga being significantly more abundant in the deeper regions. Similarly, Scarus ovifrons from Japan use deeper habitats to sleep during the night, habitats different from those used for their usual behavior during the day [62]. Parrotfish species can exhibit niche partitioning during both day and night to avoid potential competition and seek refuge from predators [2], although such patterns need further geographical comparisons [15].



We did not observe any juvenile parrotfish during our night surveys, due to cryptic behavior of seeking refuge in crevices and holes, which differ from most adults [63,64]. Although there is limited information on the habitat use of juvenile parrotfish in the Southwestern Atlantic [52,65], macroalgae beds are important habitats for juveniles of several reef fish species during the day and it is likely that juvenile parrotfish use them as sleeping habitats [65].




4.2. Sleeping Substrate Selectivity


The presence and availability of suitable sleeping sites have been suggested as factors influencing fish distribution and resulting in differences in assemblage structure [2,66]. Consequently, it would be expected that species would exhibit spatial partitioning, or highly selective behaviors of sleeping habitats, to facilitate coexistence. In the Gulf of Aqaba, some species were indicated to show intraspecific variability in sleeping site selection; however, among the seven species considered, most species exhibited substantial overlap in site characteristics [15]. On the other hand, Nanami et al. (2024) [36] found species-specific significant positive associations with particular architectural characteristics for some parrotfish species in reefs of Okinawa.



Our results, considering only the four most abundant species, indicate some degree of similarity in the selectivity and avoidance of sleeping substrate (interspecific similarity), also suggesting that habitat utilization during the night might not be the major factor driving the coexistence of parrotfish species. Welsh and Bellwood (2012) [2], working in the Great Barrier Reef with only one species (Chlorurus microrhinos), suggested niche partitioning as a major strategy employed by parrotfish to avoid potential competition during the day. All four species studied avoided Palythoa caribaeorum, potentially due to the presence of abundant mucus and nematocysts present in this zoanthid [67]. In addition, all species used the EAM as a sleeping substrate based on its availability. The EAM is known to harbor a myriad of cryptic invertebrates [68], and may serve as a potential source of ectoparasite contamination (e.g., gnathids and caligids) [69]. Hematophagous gastropods that inhabit coral and rocky environments in tropical, subtropical and temperate seas have been reported to parasitize gobies [70], rabbitfishes [71] and parrotfishes [72,73] during the night. Together, P. caribaeorum and EAM represent over 70% of the benthic cover in our study sites [43,74], therefore limiting the availability of other preferred sleeping substrates for parrotfish.



Sparisoma tuiupiranga, the smallest species in the reefs studied (25 cm TL—total length), was frequently observed at the rocky/sand interface, sleeping over sand in close proximity to sponges and gorgonians. This behavior is similar to that reported for its congener, Sparisoma aurofrenatum, in the Caribbean [75]. Parrotfish sleeping in open areas could be an alternative to reduce predation risk while providing easier escape from predators (e.g., [76,77,78]). Further, it is possible that the ability of S. tuiupiranga to camouflage within its sleeping habitats contributes to this behavior (Figure 2C).



Scarus zelindae was often registered sleeping in high-complexity substrates such as holes and crevices. This species is the only one among the study species to produce a mucous cocoon [79], which serves as a protective barrier against predators and ectoparasites [33] (Figure 2D). By associating with high-complexity areas, S. zelindae mitigate the potential damage effects of water flow on its mucus cocoon [75], as well as reduce their risk of predation [80,81].




4.3. Sleeping Site Area and Sleeping Hotspots


Fidelity for sleeping sites has been widely studied in terrestrial organisms, such as non-human primates, which exhibit a strong avoidance of sleeping sites with a high risk of predation [76,82], plus abundance and distribution of food sources [82]. Parrotfishes on average sleep 13 h a day [2], which means that half of their lives are dedicated to resting in their preferred sleeping sites. This significant amount of time spent sleeping, coupled with their increased vulnerability to predators and parasites during the night [6,71], underscores the critical importance of finding suitable substrate.



Across tropical and temperate reef systems, researchers have estimated parrotfish home ranges to determine the appropriate size of marine protected areas (MPAs) [2,35,83,84,85,86,87]. The diurnal movement and territorial behavior of parrotfish have been studied using both active and passive acoustic telemetry methods [2,35,83,86,87,88,89]. Daytime home ranges estimates varied from 7.83 × 103 m2 for Chlorurus microrhinus in the Great Barrier Reef (active telemetry—[2]) to 124.7 × 103 m2 for Sparisoma cretense in the Mediterranean (passive telemetry—[86]). Moreover, fish in enclosed bays can exhibit different movement patterns compared to those in open coastlines [87], highlighting the need for cautious comparisons between distinct seascapes using different methods.



The diurnal area used by parrotfishes in the subtropical reefs studied (mean 50 × 103 m2) (Batista et unpublished data) was on average twice the sleeping area of Sparisoma axillare (25.93 × 103 m2) and six times the sleeping area of Sparisoma frondosum (8.15 × 103 m2). There is limited knowledge about the size, location and factors that determine the sleeping area of the majority of parrotfish species [88,89]. In Hawaii, Scarus rubroviolaceus was observed to engage in long migrations at dusk, likely related to the search for resting sites [87]. In the Mediterranean, Sparisoma cretense exhibited a diurnal home range larger than its nocturnal sleeping areas (70.39 to 256.40 × 103 m2 = diurnal; 30.16 to 92.20 × 103 m2 = nocturnal), although no significant statistical differences were found [86]. As expected, our results show that parrotfishes in subtropical reefs exhibit comparatively smaller sleeping site areas to their diurnal home range. During the survey period, neither of the tagged species (S. axillare and S. frondosum) changed their sleeping site areas, although they utilized multiple sleeping hotspots (50% KUD). These findings suggest that benthic community structure and habitat features can operate at a fine scale to determine the selection of sleeping areas in parrotfishes. Parrotfishes tend to sleep in the same general area each night, but might use different hotspots within that area if sufficient preferred habitat features are present [75].




4.4. Management Implications


Our results highlight the importance of studying nocturnal spatial use by fish, particularly for species vulnerable to spearfishing at night such as large parrotfishes [30,31,34]. Given their importance for the maintenance of reef health across various scales [1], parrotfish have been increasingly protected in several countries [90]. While parrotfishes have historically been a common target for fishing in many parts of the world, [28,29,34,90,91,92], management and conservation of endemic parrotfishes in Brazil are still in development [93]. They became targeted species in Brazil following the declines of top predator populations, especially during the 1980s and 1990s [19,25,94,95]. Today, several Brazilian parrotfish species are highly threatened by fishing activities [95], but the lack of scientific information on temporal fisheries hinders effective management. Among these species, the status of the largest and endemic Brazilian parrotfish, Scarus trispinosus, is particularly critical as it is currently classified by the IUCN as endangered with a declining population trend [96]. For the subtropical reefs studied, this species is considered functionally extinct due to intense spearfishing over the past few decades [25]. Indeed, a recent study concluded that S. trispinosus is one of the most endangered parrotfish species worldwide due to its slow growth and late sexual maturation [26]. During our surveys, we only recorded two individuals of S. trispinosus out of the 192 observed parrotfish individuals.



Currently, the total area of no-take marine protected areas established and effectively enforced along the Brazilian province is insufficient (aprox. 2.5%) to sustain the intense fishing pressure of parrotfish populations, particularly along the Brazilian coast [97]. This is more critical because several disproportionately important areas, which serve as sources for larval supply and replenishment for parrotfish populations, are poorly enforced or lack any protection status at all [26,98]. The establishment of MPAs on areas that effectively protect the parrotfish species is crucial for the maintenance of their populations and the delivery of their functions on reefs. This is particularly critical in Brazilian waters, as we still lack a thorough understanding of the roles and functions performed by herbivorous fishes compared to those in Caribbean and Indo-Pacific reefs [1,39,99,100].



The data generated by this study may provide new information to explore the possibility of implementing more efficient fishing management tools in the study area, such as no-take zones. Parrotfishes and other species with high economic value have had their populations reduced in recent decades because of overfishing and lack of proper enforcement [19,25,101,102,103]. Protecting parrotfish populations is critical to maintaining the functioning of reef systems due to the various functions they deliver [1]. However, this group is highly vulnerable to spearfishing during the night [31,104,105], reinforcing the need to join data on home ranges and patterns of population structure [43] to support optimal initiatives of management and conservation. The data herein generated and data on diurnal home range (S. axillare and S. frondosum, unp. data) are expected to provide valuable support to inform management decisions regarding the establishment of no-take areas, still lacking in the study area, and necessary for the effective protection of populations of those large parrotfish.
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Figure 1. Map of the study area, with the sampling sites. 1 = Anequim, 2 = Pedra Vermelha, 3 = Ilha dos Porcos, 4 = Saco do Gato, 5 = Forno. 
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Figure 2. Examples of the four most abundant parrotfish species during inactivity: (A) Sparisoma axillare (initial phase); (B) Sparisoma frondosum (terminal phase); (C) Sparisoma tuiupiranga (terminal phase); and (D) Scarus zelindae (terminal phase). 
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Figure 3. Density (individuals / 100 m2) of the four most abundant parrotfish species on the studied sites: (A) Sparisoma frondosum; (B) Sparisoma axillare; (C) Sparisoma tuiupiranga and (D) Scarus zelindae. Color dots represent transect values, black dots are mean, bars indicate standard error and letters indicate homogeneous groups from Tukey’s HSD test. 
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Figure 4. Non-metric multidimensional scaling of parrotfish density (individuals/100 m2) at night among depth strata (habitat) and reef complexity. Vectors indicate the environmental factors (EFs) of depth and complexity. Fish images are located in the centroid of their position in the multivariate space; size of circles represent total species density, and length of arrows represent the strength of each variable. 
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Figure 5. Sleeping substrate selectivity (Ivlev’s index) for (A) Sparisoma frondosum; (B) Sparisoma axillare; (C) Sparisoma tuiupiranga and (D) Scarus zelindae (Values are means ± 95% confidence interval (CI), red dots mean that CI did not cross zero value). Heatmap of the four most abundant parrotfishes in the study area representing the species distribution by (E) topographic complexity (low, medium and high) and distribution by (F) habitat (shallow, slope and interface). 
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Figure 6. Sleeping site area and sleeping hotspots of (A) 23 Sparisoma axillare and (B) 18 Sparisoma frondosum, tracked with active acoustic telemetry in Arraial do Cabo. Darker colors represent 95% kernel utilization distributions (KUDs) (sleeping site area) and lighter colors represent 50% KUDs (sleeping hotspots). Non-significant values (NS) are shown between respective KUD values and between species. Data were log-transformed for better visualization. 
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Table 1. Summary of sleeping site areas (KUD 95) and sleeping hotspots (KUD 50) of Sparisoma axillare and Sparisoma frondosum tagged with a V9-2H continuous transmitter. Values are average ± standard error.
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	Fish ID
	TL (mm)
	95% KUD (103 m2)
	50% KUD (103 m2)
	50:95 UD Ratio





	Sparisoma axillare
	407.65 ± 43.27
	25.93 ± 10.15
	5.86 ± 2.56
	21.14 ± 0.8



	Sparisoma frondosum
	363.9 ± 42.9
	8.15 ± 3.79
	1.45 ± 0.62
	19.81 ± 0.83
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