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At the Turn of the Tide: Space Use and Habitat Partitioning in Two Sympatric Shark Species Is Driven by Tidal Phase
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Coexistence of ecologically similar species occupying the same geographic location (sympatry) poses questions regarding how their populations persist without leading to competitive exclusion. There is increasing evidence to show that micro-variations in habitat use may promote coexistence through minimizing direct competition for space and resources. We used two sympatric marine predators that show high fidelity to a small, remote coral atoll as a model to investigate how temporally dynamic partitioning of space use may promote coexistence. Using novel methods (difference network analysis and dynamic space occupancy analysis), we revealed that even though blacktip reef sharks Carcharhinus melanopterus and sicklefin lemon sharks Negaprion acutidens both show focused use of the same atoll habitats, the spatio-temporal dynamics of their use was partitioned such that they only shared the same microhabitats 26% of the time. Moreover, the degree of overlap was strongly influenced by the tidal cycle, peaking at ∼35% at higher tides as both species appear to target similar intertidal micro-habitats despite the increase in available space. Our work provides a rare example of how two marine predators with similar ecological roles and habitat preferences may coexist in the same place through dynamic segregation of habitat use in space and time, potentially reflecting adaptive behavioral traits for minimizing interactions. The strong influence of small tidal variation on species habitat use and partitioning also raises concerns over how atoll ecosystem dynamics may be influenced by sea level rises that could alter tidal dynamics.
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INTRODUCTION

Cyclical patterns in animal behavior are ubiquitous, the most notable being diel changes where the daily routines of most animals exhibit some change between day and night (Orsdol, 1984; Lewis and Taylor, 2009; Humphries et al., 2017). Depending on latitude, behavioral patterns can also change markedly with the seasons (Alerstam, 1990; Middleton et al., 2013; Lea et al., 2015). However, in coastal ecosystems another cycle that can significantly dictate the movements and behavior of animal species is the tidal cycle, which causes large areas of habitat to switch between terrestrial and marine with the ebb and flow of the tide (Pugh and Woodworth, 2014). For instance, there are numerous species of shorebird whose primary habitat is intertidal coastline, typically foraging on prey exposed on tidal flats as the water recedes (Recher and Recher, 1969; Burger et al., 1977) and consequently exhibit a temporally dynamic pattern of activity dictated by the tidal cycle. In contrast, many marine species exploit the shallow habitat only available when the tide is high, for example moving into complex mangrove root systems as refuge from predators (Wetherbee et al., 2007; Guttridge et al., 2011; Davy et al., 2015), or gaining access to otherwise restricted productive foraging grounds (Ackerman et al., 2000; Carlisle and Starr, 2010).

Such a productive interface between marine and terrestrial ecosystems often supports and attracts a diverse range of species (Ray, 1991). Where species are attracted to similar resources, whether it be for refuge space or prey, it may provoke competition for those resources (Zaret and Rand, 1971; Papastamatiou et al., 2006). Consequently, of interest are situations where ecologically similar species appear to coexist successfully, when by contrast it may be expected for one to exclude the other. Increasingly, however, it is becoming apparent that different species fulfilling similar ecological roles in the same habitat may segregate their use of this habitat temporally such that direct interactions are minimized (Vanak et al., 2013; Ratcliffe et al., 2014; Karanth et al., 2017; Papastamatiou et al., 2018; Heupel et al., 2019).

Understanding how sympatric species coexist in dynamic environments is important for a deeper understanding of their ecology and evolution (Papastamatiou et al., 2006, 2018; Speed et al., 2011; Humphries et al., 2016). In turn this helps identify habitat attributes that are critical for ensuring they can continue to support biodiversity, which is useful for prioritizing management initiatives, particularly for species vulnerable to commercial harvesting such as fishing (Lea et al., 2016). Here we present a case study of how novel movement analysis techniques can be used to elucidate the habitat use and partitioning of two sympatric reef shark species at a remote coral atoll in Seychelles (St Joseph). Both species, blacktip reef shark Carcharhinus melanopterus and sicklefin lemon shark Negaprion acutidens, have been demonstrated to show high fidelity to the atoll (Lea et al., 2016). In addition, both species share similar diets in Seychelles (Stevens, 1984), and it has been suggested that low growth rates of blacktip reef and sicklefin lemon sharks at St Joseph may relate to intra and interspecific competition for limited resources (Weideli et al., 2019). There could also be predator-prey dynamics between or within the two species, especially as larger lemon sharks may prey on other elasmobranchs (White and Potter, 2004; Guttridge et al., 2011).

Given the local topography at St Joseph, the tidal cycle may have a particularly strong influence on the habitat use and partitioning of these species. St Joseph Atoll has a large (∼15 km2), complex expanse of flats habitat surrounding the lagoon, access to which is strictly controlled by the tides (Stoddart et al., 1979). These areas are used by an abundance of marine life, including various reef sharks, rays, bonefish Albula spp., carangids (e.g., permit Trachinotus blochii), and green Chelonia mydas and hawksbill Eretmochelys imbricata turtles (von Brandis, 2011; Lea et al., 2016; Elston et al., 2017). As such the reef flats may provide productive foraging and refuge opportunities (Carlisle and Starr, 2010; Guttridge et al., 2011), but access would be governed entirely by the tides.

Consequently, with limited resources (e.g., space, prey, refuge from predators), alongside shared ecology, there is significant potential for interaction between the two species, perhaps resulting in temporally dynamic partitioning of microhabitats for coexistence. We used a combination of difference networks and space occupancy (termed grid occupancy) analysis to detect changes in habitat use of sharks over the course of the tidal cycle, and to determine how this affected the overlap between the two species. We reveal marked, fine scale temporal partitioning of space use between blacktip reef and sicklefin sharks in a coral atoll system, with overlap between the two species increasing with the rising tide despite more habitat becoming available.



MATERIALS AND METHODS


Study Site

The study was performed at the coral atoll of St Joseph in the Amirantes, Seychelles, in the western Indian Ocean (Figure 1). St Joseph Atoll is unusual (and unique in Seychelles) because its large, uninterrupted reef flat (0–2 m depth, ∼15 km2) is largely exposed at low tides, thereby isolating the lagoon (3–9 m depth, ∼5 km2) from the outer reef by preventing movement across the entire perimeter of flats for extended periods (Stoddart et al., 1979). Consequently, access to flats habitats and movement into or out of the lagoon to the outer reef is controlled entirely by the semidiurnal tidal phase (see Supplementary Figure S1 for example tidal heights over time). The tidal range is narrow (∼2 m), but is sufficient to create important refuge habitats for a variety of species and the atoll supports an abundance of marine predators, in particular sharks, rays and turtles (von Brandis, 2011; Filmalter et al., 2013; Lea et al., 2016; Elston et al., 2017). While the lagoon is predominantly sandy bottomed with scattered coral outcrops, the flats have large patches of seagrass Thallasodendron sp., with stretches of Pemphis sp. and mangroves Rhizophora mucronata fringing the islands (Stoddart et al., 1979; von Brandis, 2011).
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FIGURE 1. Habitat map of St Joseph Atoll. Gray gridlines depict the 0.25 km2 grid cells used for occupancy analysis. Habitat data created by n + p biologists (www.nplusp.ch) using supervised image classification of 2 m 8 band MS 16-bit orthorectified WorldView-2 high-resolution satellite images from LAND INFO Worldwide Mapping, LLC (Denver, CO, United States) and is Copyright Save Our Seas Foundation. The map was produced using ArcGIS (ESRI Inc., CA, United States), with the bathymetry data in the inset obtained from the United States Department of Commerce, National Oceanic and Atmospheric Administration (NOAA): 2-minute Gridded Global Relief Data (ETOPO2v2).




Study Site Imagery

Very high-resolution drone imagery (1 pixel = 15 cm) of the atoll at a 0.1 m low tide and a 1.4 m high tide is available for reference in the Supplementary Figures S2, S3), courtesy and Copyright of Drone Adventures for the Save Our Seas Foundation.



Animal Telemetry

Between August 2012 and April 2019, a total of 52 blacktip reef shark Carcharhinus melanopterus and 44 sicklefin lemon shark Negaprion acutidens were tagged with acoustic transmitters (either V13 180 s nominal delay or V16 120 s nominal delay, Vemco Ltd., Bedford, NS, Canada). Sharks were tracked across the Amirantes using an array of 89 acoustic receivers (VR2W, Vemco Ltd). Briefly, static, submerged receivers record detections from tagged fish, resulting in a time series of locations that can be used to determine important characteristics such as habitat use, movement and site fidelity (see Supplementary Material for a full description of acoustic data processing techniques). Tags were detected within 165 ± 33 m (SD) of a receiver (Lea et al., 2016).

This array has grown to the current total of 89 over the course of the study period. As not all receiver locations have been monitored continuously, data analyses were restricted to the period of November 2014–November 2016 to ensure continuous coverage for the receivers active within this time window. As the focus of this work was to analyze the influence of the tidal cycle on habitat use in the atoll, only detections from receivers (n = 24) in St Joseph Atoll with uninterrupted detection records were analyzed. Receivers from which detections were analyzed were categorized as either being on the flats (n = 16, 0–2 m depth, depending on the tide) or in the lagoon (n = 8, 3–9 m depth). Receivers located on the flats had been placed in depressions to ensure they remained submerged even at the lowest astronomical tide. The restriction in the study time window and receivers provided an effective sample of 59 tagged individuals for these species during the study window (Table 1).


TABLE 1. A summary of the tracked individuals used for analysis.
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Identifying Tidal Habitat Switching

To determine how the pattern of acoustic detections varied across the tidal cycle, it was first necessary to obtain high resolution tidal information to match each shark detection to an absolute tidal height in meters. A pressure logger (HOBO Water Level Data Logger, Onset, Bourne, MA, United States) was used to measure water pressure in the lagoon over a 6-month period. This was calibrated using the known depth of the logger to produce a depth in meters. Tidal cycles were also modeled using the Oregon State University Tidal Model Driver (Egbert and Erofeeva, 2002) based on the harmonics for St Joseph Atoll’s location, outputting predicted tidal heights in meters every 10 min. On average, the tidal heights of the logger and model differed by only 0.1 ± 0.08 m (SD) (Supplementary Figure S1). Consequently, the tidal heights from the model were deemed similar enough to actual measured heights to be used to estimate a tidal height for every detection in the database, with each detection being assigned the tidal height closest to it, temporally.

The relative proportion of time each individual blacktip reef and sicklefin lemon shark spent in the lagoon versus the flats was calculated across the tidal cycle by binning the detections into 10 cm tidal height bins. Due to the uneven distribution of tidal heights across the range (0–2 m) of the tidal cycle (resulting from the sinusoidal tidal movements), it was necessary to correct the number of detections in each bin for bias prior to calculating the proportion of detections. This was achieved by first using tidal heights from the tidal model across the whole study period to calculate the real frequency (a) that each bin of tidal heights occurred at during that period (a = frequency of tidal bin χ/total frequency of all tidal bins). Then the proportion of the cycle that each tidal height bin would occupy if they were equally represented (b) was calculated (b = 1/20 = 0.05, as with 10 cm bins a 2 m tidal cycle contains 20 height bins). A correction factor was then calculated for each tidal height bin (=b/a), which was used to multiply the number of detections in each bin and normalize the representation of each bin in the cycle prior to calculating the proportions for each individual. For each tidal bin the relative proportion of detections in the lagoon was subtracted from the relative proportion of detections on the flats for each individual, producing an index whereby positive values indicated more time spent on the flats at that tidal height, with negative values denoting more time in the lagoon at that tidal height. The mean difference across individuals was plotted for each tidal bin, along with the standard error of the mean to indicate variation between individuals. Using each individual’s relative proportion of overall detections binned by tidal height interval, instead of absolute detection rates, made their track data directly comparable with others and suitable for calculating the mean proportion for each tidal bin, despite variation in tag type, detection rates and track length.

For both blacktip reef and sicklefin lemon sharks, differences in normalized detection frequency between the lagoon and flats for each tidal bin were tested using one-sample signed rank tests (SigmaPlot, Systat Software, San Jose, CA, United States), testing whether the difference in detection proportions between the lagoon and flats differed from 0 (no difference) for each tidal bin. As the significance was only compared directly between given tidal bins and the tests were not being used to derive an overall significance value, it was not deemed necessary to apply a Bonferroni correction. The threshold tidal height above which each species could more frequently access the atoll flats was taken to be the height at which the flats detection frequency was consistently, significantly greater than the lagoon detection frequency. Accordingly, tidal heights above this threshold were classified as “high” whereas those below the threshold were classified as “low.”



Difference Networks

Network analysis was used to visualize movement patterns and compare space use between tidal states and species, with receivers being treated as nodes and pairs of subsequent detections between nodes treated as a connection (edge) between those nodes (Jacoby et al., 2012; Lea et al., 2016). The more detections at a receiver, the higher the node occupancy, while the more frequent a connection between two particular receivers, the stronger the connection. Due to the different ping frequencies of the V13 and V16 tags (180 s vs. 120 s nominal delays) there will on average be 1.5 V16 pings for every V13 ping. To account for this, the node and connection strengths of V13 networks were increased by 50% to account for the decreased probability of detection compared to the V16 networks [both tag types had the same transmission power (Lea et al., 2016)]. Due to contrasting detection rates and track lengths between individuals, all networks in the analyses were normalized into relative networks whereby node occupancy and connection strength were recalculated to be proportions of the overall network as opposed to absolute values. The weighted, relative networks allowed for direct comparison between relative networks, instead of the difficulty of comparing absolute networks given variation in tag type, detection rates and track length.

The tidal height threshold for greater flats use identified by the signed rank tests in the habitat switching analysis was used to construct high- vs. low-tide difference networks for each species, to determine how their habitat use changed with higher tides (with connections restricted to one hour to prevent connections between individual tidal cycles). To create a tidal difference network for a species, the association matrix and node values for the low tide network were subtracted from those for the high tide network, where positive node and connection values represent a high tide bias, whilst negative values indicate a low tide bias. Similarly, to create a difference network between species, the association matrix and node values for the blacktip reef shark network were subtracted from those for the sicklefin lemon shark network, where positive node and connection values represent a sicklefin lemon shark bias, whilst negative values indicate a blacktip reef shark bias. These species comparison networks were created for both high and low tidal states, as determined by the habitat switching analysis.

As an additional means of displaying the overall space use patterns for each species at the different tides, 50% kernel density probability plots were also determined. The method used to perform kernel density estimation used the same algorithm as ArcGIS (ESRI Inc., CA, United States), with a Quartic kernel density function (see Supplementary Material for more details). In order to account for potential bias from the uneven distribution of acoustic receivers and ping rates, each track was interpolated linearly across all gaps shorter than 3 h (longer gaps were ignored to limit erroneous interpolation between tidal phases).



Species Overlap

A “grid” occupancy analysis was used to quantify the degree of hourly spatial overlap between the two species over the course of the tidal cycle. The study area was split into continuous grid cells of 0.25 km2 (to be conservatively greater than receiver range but still provide sufficient spatial resolution; Figure 1). A sensitivity analysis was performed using smaller grid cells to determine whether using the conservative cell size of 0.25 km2 affected any observed patterns (Supplementary Material). In order to account for potential bias from the uneven distribution of acoustic receivers and ping rates, each track was interpolated linearly across all gaps shorter than 3 h (longer gaps were ignored to limit erroneous interpolation between tidal phases). From these interpolated tracks, the presence/absence of blacktip reef and sicklefin lemon sharks within each cell was then calculated on an hourly basis. Calculating the proportion of grid cells that overlapped between the species on an hourly basis provided an hourly overlap coefficient between 0 and 1, where 0 indicated no overlap for that hour and 1 was complete overlap. To identify any significant periodicities in the overlap between the species, spectral analysis of the hourly overlap coefficients was performed using fast Fourier transformation (FFT). To identify how overlap between the two species changed over the course of the tide the hourly overlap coefficients were grouped into 10 cm tidal height bins and the mean overlap coefficient was plotted over the course of a tidal cycle. To determine whether overlap differed between the tidal threshold identified in the habitat switching analysis, a Mann Whitney U test was performed on the median overlap values of the two tidal states.



Random Model Sharks

To identify whether observed patterns differed from random movements, the empirical movement data were compared to those of null model sharks that moved randomly through the network. Random networks were created according to methods established in Lea et al. (2016), whereby for a given track the first detection at the first receiver was kept, and then a swim distance was calculated based on the time between detections and an average swim speed for that individual calculated over the course of their track. Receivers were then selected at random until two were found within range of the swim distance. The closer of the two was then selected as the next receiver in the random track. If no receiver was found in range after 100 random selections then no move was deemed to occur and the current receiver was assigned (i.e., the animal was deemed not to have moved). This was repeated for the duration of the track, producing a random walk through the array with steps constrained by the observed detection intervals. To compare to the real sharks, each track was randomized and had the same overlap analyses performed, namely the FFT and plotting of mean overlap over the tidal cycle. Differences in overlap between real and random sharks were identified using a Mann Whitney U test on the median overlap values.



RESULTS

Over 362,000 detections across more than 23,000 tracking days were obtained from the 31 blacktip reef sharks and 28 sicklefin lemon sharks tracked between November 2014 and November 2016 (Table 1). Mean track duration for blacktip reef sharks was 392 ± 278 days (SD) and 391 ± 267 days (SD) for sicklefin lemon sharks, with both species displaying a bias toward females among tagged individuals. Tracked individuals of both species were primarily adults and sub-adults.


Tidal Habitat Switching

Allocation of detection proportion by tidal bins for both blacktip reef and sicklefin lemon sharks revealed that both species move into shallower flats habitat at higher tides, particularly over tidal heights of ∼1.4 m (Figure 2), as determined by the significance thresholds of the detection-proportion comparisons (Supplementary Table S1). The switch from lagoon to flats habitat at high tides was very clear for sicklefin lemon sharks, but the pattern for blacktip reef sharks was less clear, with some ability to exploit the flats sooner in the tidal cycle than sicklefin lemon sharks. As indicated by the moderate error bars in Figure 2 there was some variation between individuals, particularly for blacktip reef sharks, but the clear overall pattern was moving into flats habitats as tidal height increased.


[image: image]

FIGURE 2. Mean relative difference in the proportion of detections between the shallow flats and deep lagoon for blacktip reef shark Carcharhinus melanopterus and sicklefin lemon shark Negaprion acutidens across the tidal cycle. Calculated for each individual as the relative proportion of flats detections minus the relative proportion of lagoon detections, then averaged for each 10 cm tidal height bin. Positive values denote a bias toward flats usage, with negative a bias for deep lagoon usage – values around 0 suggest no difference. Error bars represent the standard error of the mean. Red asterisks by bars show where medians for that group significantly differed from 0 (no difference) as shown in Supplementary Table S1.


The tidal difference networks and kernel density plots were constructed using the thresholds for high versus low tide determined by when the difference in lagoon versus flats usage became significant for both species (≥1.4 m; Supplementary Table S1). Both blacktip reef and sicklefin lemon sharks use the shallow reef flats more at higher tides, particularly along the northern edge and in the eastern end of the atoll (Figures 3 and 4). The pattern was more pronounced for sicklefin lemon sharks, which appear to patrol the edge of the deep lagoon at lower tides, before using the flats almost exclusively at higher tides.
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FIGURE 3. Relative 1-hour difference networks showing how space use differs between high (>1.4 m) and low (<1.4 m) tides for blacktip reef shark Carcharhinus melanopterus and sicklefin lemon shark Negaprion acutidens. Each difference has been calculated as the metrics of the high-tide network minus those for the low-tide network; red denotes more high tide use, blue more low tide use. The satellite image of St Joseph was acquired from LAND INFO Worldwide Mapping, LLC (Denver CO, United States), and includes material Copyright DigitalGlobe (Longmont, Colorado). The maps were produced using ArcGIS (ESRI Inc., CA, United States).
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FIGURE 4. 50% kernel density plots with a 0.1 km cell size showing how space use differs between high (>1.4 m) and low (<1.4 m) tides for blacktip reef shark Carcharhinus melanopterus and sicklefin lemon shark Negaprion acutidens. Values closer to one represent prolonged occupancy. The satellite image of St Joseph at low tide was acquired from LAND INFO Worldwide Mapping, LLC (Denver, CO, United States), and includes material Copyright DigitalGlobe (Longmont, Colorado). The high-tide image of St Joseph was provided courtesy and Copyright of Drone Adventures for the Save Our Seas Foundation. The maps were produced using ArcGIS (ESRI Inc., CA, United States).




Species Overlap

Blacktip reef and sicklefin lemons sharks displayed marked temporal partitioning in their space use of St Joseph Atoll, with low overall overlap [mean hourly overlap coefficient 0.26 ± 0.16 (SD)]. The species difference networks and kernel density plots reveal that this partitioning appears generally attributable to sicklefin lemons sharks being restricted to the deep lagoon at low tides, while blacktip reef sharks may still use certain deeper areas of the flats (Figures 4 and 5). In contrast, at high tides while both species move onto the flats (Figures 3 and 4), sicklefin lemon sharks largely abandon the deep lagoon and appear to dominate usage of the flats, with blacktip reef sharks bordering the flats and lagoon (Figures 4 and 5).
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FIGURE 5. Relative 1-hour difference networks showing how space use differs between sicklefin lemon shark Negaprion acutidens and blacktip reef shark Carcharhinus melanopterus at low (<1.4 m) and high (>1.4 m) tidal states. Each difference has been calculated as the metrics of the sicklefin lemon shark network minus those for the blacktip reef shark network; red shows a stronger sicklefin lemon shark bias, blue shows a stronger blacktip reef shark bias. The low-tide satellite image of St Joseph was acquired from LAND INFO Worldwide Mapping, LLC (Denver CO, United States), and includes material Copyright DigitalGlobe (Longmont, Colorado). The high-tide image of St Joseph was provided courtesy and Copyright of Drone Adventures for the Save Our Seas Foundation. The maps were produced using ArcGIS (ESRI Inc., CA, United States).


Application of the FFT to the hourly overlap coefficients revealed a clear peak at 0.52 days (Figure 6), which matches the approximate 12 h 20 min duration of the tidal cycle. There is a smaller diel signal, but the tides were by far the dominant cycle in the overlap. Moreover, the tidal signal was negligible in random sharks, supporting the assertion that the tidal influence on overlap observed represents actual behavior patterns. The tidal signal was not entirely absent in random sharks, as expected, due to the randomization process incorporating certain attributes from the real shark tracks that were strongly influenced by tide.
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FIGURE 6. Fast Fourier Transformation (FFT) analysis of peak frequency in overlap magnitude between blacktip reef sharks Carcharhinus melanopterus and sicklefin lemon sharks Negaprion acutidens, for real and random sharks.


Over the course of the tidal cycle, species overlap increased significantly at higher tides (Figure 7). During low tides (<1.4 m) the mean overlap was only 0.25 ± 0.16 (SD), whereas it increased to 0.32 ± 0.16 (SD) during high tides (significant difference according to Mann Whitney U test; U = 15094888.5, p < 0.001). The overlap changed little over the course of the tidal cycle for random sharks, with the overlap for real sharks at high tides being significantly greater than the overlap for random sharks at high tides [0.32 ± 0.16 (SD) vs. 0.24 ± 0.16 (SD), respectively, Mann Whitney U test; U = 2508605, p < 0.001].
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FIGURE 7. Mean overlap coefficient between blacktip reef sharks Carcharhinus melanopterus and sicklefin lemon sharks Negaprion acutidens over the course of the tidal cycle for both real and random sharks.


Given that a conservative scale was used in the grid occupancy analysis to account for receiver range, it was repeated at a finer scale 250 × 250 m grid cell (0.0625 km2) as a scale sensitivity test (see Supplementary Figures S4, S5). Results were preserved at this finer scale, with the same pattern of overlap between the species and for random sharks over the tidal cycle. There was lower overall overlap [0.09 ± 0.14 (SD)], as expected with smaller grid cells, that increased at higher tides [0.149 ± 0.15 (SD)], but the absolute overlap values were inevitably lower due to the finer scale (Supplementary Figure S5). The FFT analysis at this scale also produced the same result, with a marked peak at 0.52 days for real but not random sharks (Supplementary Figure S4).



DISCUSSION

We have revealed marked, temporally dynamic segregation in habitat use between two sympatric species despite their high fidelity to a small, remote coral atoll. The degree of partitioning was strongly influenced by the tidal cycle, with higher tides driving increased overlap between blacktip reef and sicklefin lemon sharks despite the larger area of available intertidal habitat (∼20 km2, vs. ∼5 km2 at lower tides). Flexible partitioning of habitat use in time may represent an adaptive strategy for minimizing resource competition between the two species, especially if prey and refuge from predators are limited resources.

At St Joseph the tidal cycle dictates access to a considerable area of intertidal habitat: the flats of St Joseph (∼15 km2) are largely exposed at low tide but may provide productive foraging and refuge opportunities at higher tides. Although there is previous evidence of minor seasonal variation in the detection rates of sicklefin lemon and blacktip reef sharks in St Joseph, most still displayed perennial presence within the array, suggesting that any seasonal variation in detections may relate to changing environmental conditions and microvariations in habitat use [e.g., potential fine scale seasonal sexual segregation of blacktip reef sharks within the atoll (Lea, 2017)]. Given the most dramatic driver of habitat availability is the tidal cycle, this was the focus of the present study.

The use of difference networks greatly simplified the comparison of habitat use between tides and species, revealing that both blacktip reef and sicklefin lemon sharks exploit shallower habitats at higher tides, but that blacktip reef sharks can still exploit them to some extent at lower tides. Indeed, contrasting body size between the two species could be a major driver of which habitats are accessible to the tracked individuals and the subsequent patterns of partitioning: mean length of tracked blacktip reef sharks was 105 cm, compared to 177 cm for tracked sicklefin lemon sharks. The larger body size of sicklefin lemon sharks could mean that they are only physically able to access the lagoon flats at higher tides compared to the blacktip reef sharks. It is possible that the use of flats may have been underestimated as shallow water depth and complex topography may limit tag detection by receivers as the tide comes in, consequently the magnitude of the switch from deep lagoon to shallow flats habitats may be even greater than reported here. Although any impact should be the same for each tracked individual, additional range testing over the tidal cycle would help clarify whether this would need further consideration.

The observed tidal habitat switching is consistent with other studies showing that blacktip reef sharks move into tidal flats at high tides, and favor shallower edge habitats away from the deepest parts of the lagoon even at lower tides (Stevens, 1984; Papastamatiou et al., 2009b). Previous work on sicklefin lemon sharks at St Joseph also found that occupancy in the deep lagoon was higher at lower tides (Filmalter et al., 2013). In contrast to blacktip reef sharks, it was evident from the networks of the present study that sicklefin lemon sharks patrol the edge of the lagoon at lower tides, possibly in wait for sufficient water to access the flats. This highlights the importance of the flats habitats to the sicklefin lemon shark, as patrolling ensures they can be exploited as soon as they become available. This is consistent with sicklefin lemon shark catch data from Aldabra, where they were found to be most abundant along the lagoon perimeter (Stevens, 1984).

Movement into the flats by both species may reflect exploitation of temporally discrete foraging opportunities at St Joseph: various species of teleost, crustacean, mollusc and ray are abundant on the lagoon flats, and according to other studies all represent potential prey for blacktip reef and sicklefin lemon sharks that may be inaccessible at lower tides (Stevens, 1984; Salini et al., 1992; White and Potter, 2004; Papastamatiou et al., 2009a). Similarly, in other studies, both leopard sharks Triakis semifasciata (Carlisle and Starr, 2009, 2010) and a variety of bird species (Recher, 1969; Burger et al., 1977) have been shown to exploit the tidal cycle in estuarine habitats to target high prey abundance in intertidal mudflats.

In French Polynesia, juvenile blacktip reef and sicklefin lemon sharks display more similar trophic interactions when spatially segregated (Matich et al., 2017) – the strong, temporally dynamic partitioning of space use reported in the present work may be a mechanism that allows the two species to share dietary overlap with minimal direct interaction. Although dietary studies are required to address this further, if blacktip reef and sicklefin lemon sharks do exploit higher tides to target similar prey species, it may also explain the observed increase in overlap at higher tides (relative to lower tides and random sharks) despite the larger area of habitat available. Given the patchiness of available habitat on the flats [seagrass, sand, mangroves, Pemphis sp. (Figure 1)], although there is more available space, potential foraging patches and available refuges may not be evenly distributed but largely focused around the islands in the eastern end and northern edge of the atoll, drawing the two species to overlap more. Overlap at higher tides may also increase as sicklefin lemon sharks move through shallow habitats that blacktip reef sharks are already able to access at lower tidal heights, en route to the seemingly preferred habitats in the eastern end of the atoll, as indicated by Figures 4, 5.

Even so, their overall hourly overlap across the whole tidal cycle is still low in absolute terms (∼26%), and the tides above which overlap increases (∼1.4 m) only represent 14.5% of the study duration – essentially, although both inhabit the same small atoll habitat, the two species are rarely in the same place at the same time. The temporal partitioning may be even greater than suggested here, as indicated by the lower overlap in the scale sensitivity analysis, but the conclusions of the present work are restricted to the limitations of the passive acoustic telemetry used.

Another factor contributing to the observed overlap patterns could be the differing needs of blacktip reef and sicklefin lemon sharks to take refuge from predation risk. Mangroves at high tide have been suggested as important refuges from predation for both sharks and rays (White and Potter, 2004; Guttridge et al., 2011; Davy et al., 2015; George et al., 2019). For instance, in Australia juvenile blacktip reef sharks have been shown to track tidal movements so they remain in water shallower than 60 cm, which may be a predator avoidance strategy (George et al., 2019). It is possible that the smaller bodied blacktip reef sharks at St Joseph similarly use the Pemphis sp. and mangrove-fringed flats as a refuge from potential predators, which may include larger sicklefin lemon sharks given their diet can include other elasmobranchs (White et al., 2004). Blacktip reef sharks may be able to minimize overlap with these predators by using the flats even from relatively low tides (∼0.5 m) before they become accessible to the larger sharks (at tides ∼1.4 m). This may also help explain the higher overlap at higher tides, as larger sicklefin lemon sharks become able to access the refuges of smaller blacktip reef sharks (or possibly even both species refuging from larger shark species such as tiger sharks Galeocerdo cuvier, although the authors have yet to encounter any in the atoll).

It could be a combination of both foraging and refuging opportunities that drives use of the flats and changing overlap, as has been suggested for sea snakes Hydrophis elegans in western Australia, which only use a foraging area while the tide restricts shark access (Kerford et al., 2008). Being able to exploit the reef flats when sicklefin lemon sharks cannot gain access may also help promote habitat partitioning between the sicklefin lemon and blacktip reef sharks (Speed et al., 2011).

Such temporally dynamic partitioning of the same microhabitats by sympatric species has become recognized as behavior adopted to minimize resource competition between ecologically similar species (Wakefield et al., 2013; Papastamatiou et al., 2018). For instance, it has been suggested that several penguin species that all feed on krill Euphausea superba minimize competition through differential area and depth utilization (Wilson, 2010). Similarly, despite being sympatric and sharing prey, lions Panthera leo, leopards P. pardus, cheetah Acinonyx jubatus and African wild dogs Lycaon pictus appear to minimize competition through complex micro-segregation from partitioning their time of activity and fine-scale avoidance behaviors (Vanak et al., 2013). Although there is evidence of interference competition of this kind in provisioned sicklefin lemon sharks (Clua et al., 2010), it is ultimately difficult to conclusively determine the main drivers of observed habitat partitioning in large marine animals as it is logistically difficult to perform experimental manipulations (Papastamatiou et al., 2018). There is likely a complex web of interactions with other sympatric species (e.g., giant trevally Caranx ignobilis, great barracuda Sphyraena barracuda, and various ray species in St Joseph Atoll) that is beyond the scope of the present study. Such limitations can in part be addressed through theoretical modeling: for example it has been suggested from individual-based modeling that fine scale segregation between blacktip reef and gray reef sharks Carcharhinus amblyrhynchos at a Pacific atoll can only have arisen if there were habitat-specific competitive interactions between species (Papastamatiou et al., 2018).

A broader implication of such strong influence of small tidal fluctuations on species interactions that warrants further investigation is how such ecosystems may respond to forecast increases in sea level. As a result of the world’s changing climate it has been estimated that sea levels may rise by 30–180 cm by 2100 (Nicholls and Cazenave, 2010). If so, this could have significant and irreversible consequences for the stability of the atoll ecosystem (Woodroffe, 2008; Webb and Kench, 2010; Lovelock et al., 2015). There is risk the littoral hedge of mangroves and Pemphis sp. could be eroded or converted to open water, also removing the nutrient input from terrestrial habitats. Although there are many interacting factors that are difficult to predict, it is possible that potential refuges may be lost if they become accessible at all tides – carefully balanced competitive and predator-prey interactions could collapse, with unpredictable cascading effects on the marine community.

The present work has identified marked partitioning of space use in time between two sympatric shark species that is strongly governed by the tidal cycle. Despite their broad use of atoll habitats being very similar, at a fine temporal scale blacktip reef and sicklefin lemon sharks actually only overlapped ∼26% of the time, increasing to ∼35% as higher tides gave the larger sicklefin lemon sharks greater access to the flats habitats. This provides a rare example of how two large marine predators with similar habitat preferences and ecological roles may coexist in the same place through dynamic segregation of habitat use in time, potentially reflecting adaptive behavioral traits for minimizing interaction. Identifying habitats critical to particular species’ survival, such as those in which they take refuge from a competitor, could be particularly valuable for prioritizing habitat for protection in conservation strategies. The strong influence of only small changes in tidal height on distribution and interactions is of particular note, as it raises concerns about how these species and their associated communities may respond to sea level rises under a changing climate.
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