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Nassau grouper (Epinephelus striatus, Serranidae) were one of the most important fishery species in the Caribbean, but are now listed as critically endangered. Population collapse in most places occurred primarily by fishers targeting their spawning aggregation sites, where thousands of fish gathered during full moon periods from December to April. Identifying management options for protecting this vulnerable period is crucial for their survival. In the US Virgin Islands, we tagged 24 Nassau grouper with acoustic transmitters at a fish spawning aggregation (FSA) site called the Grammanik Bank, a 1.5 km2, marine protected area (MPA) closed each year from February to April. We tracked their movements over a seven-year period and found that the small MPA protected Nassau grouper only 65% of time during the spawning season.  Nassau grouper arrived at the FSA from January to May, with a peak in March, and made daily roundtrip migrations (1-25 km) from the FSA site.  Females swam twice as far as males, while males were more sedentary and remained longer (22 d) at the FSA than females (9 d); behavioural characteristics that may cause differential bycatch mortality among sexes. We also found nearly half of all fish were temporary residents within 5 km of the FSA site for 2 to 6 months after the spawning season. This mismatch of MPA size and timing of closed season provided the impetus for developing new guidelines for protection. The large acoustic array allowed us to calculate spatially relevant areas useful for conservation including courtship arena (1.2 km2), staging area (4.7 km2) and primary migration pathways (9.6 km2) used by Nassau grouper during spawning season. To improve conservation goals of this endangered species, increasing the Grammanik Bank seasonal closure to five months and its size to 6.4 km2 would increase protection to >96%. These spatial and temporal changes to existing management regulations incorporate the best available data to improve conservation goals by reducing potential bycatch mortality, eliminating disturbance of spawning fish, and protecting critical spawning habitat for Nassau grouper. These guidelines may also be applied more broadly to other Nassau grouper FSA sites located on large insular or continental shelfs areas throughout the Caribbean.
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Introduction

Fish spawning aggregations (FSA) are unique life history events that occur at specific places and times. Over 200 species of fish from 44 families are known to form FSAs (Russell et al., 2014). This diversity of species shows a range of behaviors, with some fish making frequent short trips to nearby spawning sites (i.e. resident spawners), while others migrate long distances  to spawning sites a few times a year (i.e. transient spawners) (Domeier and Colin, 1997; Claydon, 2004; Nemeth, 2009).

When FSAs are targeted by fishers, the aggregating species are extremely vulnerable to exploitation due to their predictability in space and time (Olsen and LaPlace, 1978; Aguilar-Perera, 2006; Hughes et al., 2020). The removal of large numbers of reproductive individuals at a FSA site can dramatically affect local population abundance (Beets and Friedlander, 1999; Nemeth, 2005). Short-term economic benefits for fishers however, have come at a severe cost, resulting in the decline and loss of nearly half of all known FSAs around tropical regions of the world (Sadovy de Mitcheson et al., 2008). Groupers in particular are at risk, with 50% of all species that form spawning aggregations listed as threatened (IUCN 2006), mainly due to unregulated fishing at FSA sites (Sadovy de Mitcheson et al., 2013; Russell et al., 2014).

In the Caribbean, most grouper spawning aggregations have been severely depleted or extirpated (Olsen and LaPlace, 1978; Sadovy, 1994; Beets and Friedlander, 1999; Sala et al., 2001). Seasonal and permanent fisheries closures around fish spawning areas and market closures during spawning seasons can be effective ways of protecting spawning fish during this vulnerable life history event (Sadovy, 1994; Sluka et al., 1997; Bohnsack, 1998; Sadovy de Mitcheson, 2016). Although the approximate locations and timing of many spawning aggregations are known, species- and site-specific migration pathways and movement patterns of fish around their spawning aggregation sites are largely unknown. Such information is very useful for effective management where, in many cases, fishery closed areas or other protective measures could be implemented in efforts to better manage stocks. Management actions based on sound science and stakeholder engagement provide clear conservation benefits as well as encouraging fisher and other user group compliance (Crisafulli et al., 2018; Giakoumi et al., 2018).

Recent studies using acoustic telemetry, a technique in which fish are tagged with ultrasonic transmitters and tracked using underwater acoustic receivers, have illustrated considerable variation in timing and residency at spawning aggregation sites for a diversity of marine and estuarine species including snappers (Biggs and Nemeth, 2016; Feeley et al., 2018), groupers (Semmens et al., 2007; Starr et al., 2007; Nanami et al., 2014; Rhodes et al., 2014; Rowell et al., 2015; Mourier et al., 2019; Blincow et al., 2020), queen triggerfish (Balistes vetula, Balistidae) (Bryan et al., 2019), Atlantic cod (Gadus morhau, Gadidae) (Siceloff and Howell, 2013; Zemeckis et al., 2014; Zemeckis et al., 2019), common snook (Centropomus undecimalis, Centropomidae) (Lowerre-Barbieri et al., 2014; Boucek et al., 2017), and seatrout (Cynocion nebulosus, Sciaenidae) (Boucek et al., 2017; Zarada et al., 2019). Within the family Lutjanidae, for example, cubera snapper (Lutjanus cyanopterus, Lutjanidae) in the United States Virgin Islands (USVI) have a distinct five-month spawning season, while at the same FSA site, dog snapper (L. jocu, Lutjanidae) aggregate to spawn every month of the year (Biggs and Nemeth, 2016).

Space use by fish at spawning aggregation sites is also highly variable among species (Heyman and Kjerfve, 2008), and is an important component to marine area management. Nemeth (2012) proposed a series of generalized, activity spaces for species that form transient spawning aggregations. At smaller scales, these activity spaces include the core spawning site or location of gamete release (< 1 km2); the courtship arena, a larger area surrounding the spawning site where courtship occurs (< 10 km2); and the staging area, occupied by fish between spawning events (10-100 km2). At the largest spatial scales the functional migration area (100-1000 km2), includes the home ranges and migration pathways of reproductively active adults using a specific FSA site; and the catchment area, which includes all functional migration areas combined, can be used by management to define a subpopulation or fish stock (Nemeth, 2012). Empirical evidence of these spatial components has emerged for a number of fish families including snappers (Biggs and Nemeth, 2016; Feeley et al., 2018), groupers (Nemeth., 2005; Nemeth, 2012; Rhodes et al., 2012) and triggerfish (Bryan et al., 2019). Understanding the inter- and intra-specific similarities and differences in reproductive behaviors relative to marine managed areas is useful for evaluating and implementing effective conservation measures (Grüss et al., 2014). This is particularly important for sites that host multiple aggregating species that differ in their vulnerability to fishing (Kadison et al., 2006; Nemeth et al., 2006; Heyman and Kjerfve, 2008; Rhodes et al., 2014).

The Nassau grouper (Epinephelus striatus, Serranidae) was once prolific, but populations have collapsed throughout the greater Caribbean region (Olsen and LaPlace, 1978; Sala et al., 2001; Aguilar-Perera, 2006; Claro et al., 2009) with very few areas showing signs of recovery (Nemeth et al., 2006; Waterhouse et al., 2020). The rarity of this iconic species throughout most of its range has made research difficult. Nassau grouper were listed by the International Union for Conservation of Nature as Threatened in 1996 (IUCN, 1996), Endangered in 2003 (Cornish & Eklund, 2003), Critically Endangered in 2018 (Sadovy et al., 2018) and listed as Threatened in 2016 by U. S. Endangered Species Act (Federal Register, 2016-15101). In the United States, Nassau grouper have been fully protected in federal waters since 1992 (Albins et al., 2009) and received protection in Territorial waters surrounding the USVI in 2006 (Virgin Islands Rules and Regulations, 2021).

Acoustic telemetry studies have provided unique insights into the movement and migration patterns of Nassau grouper in Belize (Starr et al., 2007), Bahamas (Dahlgren et al., 2016; Stump et al., 2017), Cayman Islands (Semmens et al., 2007; Blincow et al., 2020) and US Virgin Islands (Rowell et al., 2015), but spatially-explicit information that can guide management and conservation efforts at spawning aggregation sites is limited. In the United States Virgin Islands, the 1.5 km2 Grammanik Bank seasonal closed area was established in 2006 to protect a newly discovered Nassau grouper spawning aggregation site (Nemeth et al., 2006). The Grammanik Bank boundaries were determined based on underwater visual surveys of abundance and distribution patterns of Nassau grouper and other aggregating species and implemented with the support of commercial fishers and other community partners (Nemeth et al., 2006). Although early biological assessments showed a positive population response by Nassau grouper (Kadison et al., 2006), we questioned if the size and timing of the seasonal closed area was appropriate to maximize recovery potential of this endangered species. We used acoustic telemetry to provide a more comprehensive analysis of the spatial and temporal movement patterns of Nassau grouper around the Grammanik Bank spawning aggregation site. We show how behavioral patterns of movement can inform the design of biologically–relevant boundaries and timing of seasonal closures but also how our results can be used broadly for marine managed areas whose goals are to protect transient fish spawning aggregations.





Materials and methods




Study area

The Grammanik Bank (GB) is a seasonal fishery closed area (1.5 km2, 1 February to 30 April) located 16 km south of St. Thomas, US Virgin Islands and 3 km east of the Red Hind Bank Marine Conservation District (MCD) (Figure 1). The MCD is a 41 km2 protected area where fishing is prohibited year-round. Nassau grouper were extirpated from a large spawning aggregation site within the MCD in the 1970’s (Olsen and LaPlace, 1978), but were found aggregating at the Grammanik Bank in 2003 (Nemeth et al., 2006) (Figure 1). The GB boundaries were originally determined using underwater visual surveys of fish abundance and distribution patterns and the GB was officially established in 2006 with support and consultation of commercial fishers (Nemeth et al., 2006; Kadison et al., 2010). Benthic habitats within both protected areas are 30 m to 50 m deep and consist of mesophotic coral reefs dominated by Orbicella spp. (Armstrong et al., 2006; Herzlieb et al., 2006; Smith et al., 2010) and at 80 m depth a narrow but well-developed fringing reef of Agaricia undata (Agariciidae) (Smith et al., 2019). The Grammanik Bank is located on a shelf-edge promontory, a common geomorphological feature used by many species as FSA sites (Kobara and Heyman, 2008; Heyman and Kobara, 2012), and is described in Nemeth et al. (2020).




Figure 1 | Acoustic receiver array used to track grouper movements at fish spawning aggregation (FSA) sites around the Grammanik Bank (GB) marine protected area (MPA) and Red Hind Bank Marine Conservation District (MCD), located 16 km south of St. Thomas, USVI. The upper panel shows the acoustic array for all years combined (2007 to 2013) situated on the Puerto Rican shelf (light blue) and adjacent to the 4000m deep Virgin Islands trough (dark blue). The lower panels show acoustic arrays for each year separately. The inset map shows location of primary study area indicated in lower panels and Vieques, Puerto Rico (PR) where three receivers detected a Nassau grouper at El Seco Reef (see upper panel).







Receiver array

Acoustic telemetry was used from 2007 to 2013 to document spatial and temporal patterns of movement and migration of Nassau grouper around the Grammanik Bank FSA (Figure 1). The acoustic array was expanded in size from 13 stations to 77 stations as more receivers and movement information became available, allowing us to identify courtship arena, staging areas, and migration pathways, and to determine if the historic spawning site within the MCD was still visited by migrating Nassau grouper. Acoustic receivers (Vemco VR2 and VR2W 69 kHz) were attached to polypropylene lines 10 to 15 m off the seafloor pointing downwards. Receivers were downloaded and batteries replaced every 8 to 12 months while divers performed routine biofouling removal on the mooring lines. Range testing of the receiver array is described in Jossart et al. (2017) who estimated 80% detection range for V16 transmitters was 308 m.





Fish tagging

Nassau groupers were caught during the spawning season on or near the Grammanik Bank from 2007 to 2010 using Antillean-style fish traps baited with squid. Once on board the vessel, all fish were treated with care and were held in 100 l tubs of recirculating seawater and their over-expanded swim bladders were deflated with a sterilized hypodermic needle (14-gauge, 2.54 cm). The majority (97%) of Nassau grouper survived and were released, and most mortality (3%) was caused by barotrauma from being brought up from deep water. Each fish was measured for total length (TL) and fork length (FL) to nearest mm, sexed using a non-invasive portable ultrasound (Pie Medical Scanner, with a 3.5-5.0 Hz linear probe) following Whiteman et al. (2005), and tagged with dart tag (Floy FT-1-94) in the dorsal musculature. Fish were turned up-side-down to induce tonic immobility without anesthetics and immersed in seawater while a V16-4H (A69-1303) or V16P-4H (A69-1107 pressure) transmitter, coated in an antibiotic cream, was surgically implanted in the body cavity through a two cm incision. The incision was closed with chromatic gut or silk sutures. All surgical tools were sterilized between surgeries with iodine or 70% alcohol. Each tagged fish was transported to the reef in a mesh bag by divers, released near the collection site, and watched for several minutes to ensure recovery and prevent predation.





Data analyses

Acoustic telemetry data was processed and analyzed in R ver. 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria). Raw detections were filtered to remove erroneous data that may have been collected from post-surgical behaviour, false detections, or dead animals (e.g., from predation). The first 24 hours of detections after the animal was released were removed to account for post-surgery recovery (Farmer and Ault, 2011). Detection profiles were explored to identify whether individuals died or expelled transmitters (Klinard and Matley, 2020). Detection data was examined for constant depth values of pressure tags over time, and if detections were limited to a specific area for prolonged time periods (i.e., months). In both cases these data were considered erroneous, and the affected portion of time was excluded from analyses. Additionally, if tagged individuals were rarely detected (e.g., left the array) and did not have a minimum of 25 total detections or were detected for less than 7 days they were removed from the dataset (n=2; Table 1).


Table 1 | Detection history (after data filtering) and residency summary of female (F) and male (M) Nassau grouper (n=26) detected at the Grammanik Bank fish spawning aggregation site (station 009) in the US Virgin Islands, segregated by spawning season (Dec 15 – May 15; no brackets) and non-spawning season (May 16 – Dec 14; in brackets) between 2007-2013.



Based on preliminary analysis of acoustic telemetry data, as well as previous research (Rowell et al., 2015), detections between December 15th and May 15th in any year were considered to be within the spawning season for Nassau grouper. This resulted in five possible lunar-based spawning periods during each spawning season. The location of the Grammanik Bank FSA site was designated at receiver station ‘009’ based on diver surveys and remote camera observations independent of this study (Nemeth et al., 2006; Kadison et al., 2010; Nemeth et al., 2020). Detections at (or near) this site were predicted to reflect spawning-related behavior (e.g., staging, courtship, and spawning).

Nine individuals displayed temporary residence within the larger array based on the continued presence of detections at specific locations (temporary residency sites) outside of spawning periods (Table 2). Detections within temporary residency sites were removed from analyses pertaining to spawning migrations and space use around the FSA to ensure they did not bias the interpretation of spawning-related behaviour but were retained for further residency site explorations and summary detection histories. Each temporary residency site was typically at the extreme margin of detection from the FSA site receiver, so detections incorporating movements between resident sites and the FSA site were not affected. However, data from three individuals (IDs 1107-29, 1303-7558, and 1303-57082) were removed from analyses relating to spawning migration behavior because they remained resident near the FSA site receiver and spawning vs non-spawning movements could not be distinguished (Table 2).


Table 2 | Detection and space use summary (after data filtering) of female (F) and male (M) tagged Nassau grouper throughout the study area during the spawning season (Dec 15 – May 15) between 2007-2013.  dash (-) indicates fish was non-resident around FSA site and not applicable (NA) indicates MCP could not be calculated because fish was only detected on two stations.







FSA site residency, arrival, and departure

Residency time at the spawning site (station 009) was determined at a daily interval (i.e., minimum of 2 detections day-1 to reduce any effect of false positive detections). Spawning site residency (number of days detected) of female and male Nassau grouper was calculated for each lunar period and compared using analysis of variance (ANOVA). Spawning season residency was calculated as the number of days present divided by the total number of days between the first and last detection during spawning seasons. The date (relative to the full moon) and time of day of arrival/departure at the spawning site were investigated during each spawning period (i.e., five possible arrivals/departures each spawning season). Each new lunar period was considered to begin at the first detection following a minimum of 10 days without any detections to ensure the individual had left the spawning site. Similarly, the last detection during a spawning period ended when no detection occurred for that individual within the following 10 days. This approach was necessary to differentiate between arrivals/departures of individuals that remained near the spawning site throughout the spawning season. Arrivals were not included during the period that an individual was tagged since capture took place within the array area after the fish had ‘arrived’.





Drivers of presence at FSA site

A generalized additive mixed-effect model (GAMM) approach was used to explore the influence of biological and environmental parameters on the presence of Nassau grouper at the FSA site during the spawning season. Presence/absence of each individual at the FSA site was determined hourly (i.e., minimum of two detections) and was used as the response variable (binomial distribution – ‘logit’ link). The explanatory variables investigated were Days After Full Moon (DAFM), sex, water temperature at the FSA site (U22-001 HOBO® Water Temp Pro v2; Onset Computer Corporation, Bourne, MA; n=1 at ~30m deep), and hour of day. Several candidate models (e.g., with and without smoothers or interaction terms) were investigated using the ‘gam’ function in the mgcv R package (Wood, 2011) prior to selecting the best fitting model based on the lowest AIC using the ‘compareML’ function from the itsadug R package (van Rij et al., 2017). Individual ID was designated as random smooths (e.g., bs=‘fs’) given the repeated observations for each individual and cyclic cubic regression splines (e.g., bs=‘cc’) were used in candidate models when data was circular (i.e., hour of day and DAFM). An autocorrelation structure (5th order) was also added to the final model to incorporate serially auto-correlated data. To check for multi-collinearity among explanatory variables, variance inflation factors (VIF function in the ‘AED’ R package; Zuur et al., 2012) were used; VIFs <3 were deemed to not have any issues with multi-collinearity. Exploratory residual plots were used to verify homogeneity of variance.





Selectivity of FSA sites and spatial networks

Because Nassau grouper once formed aggregations within the MCD (Olsen and LaPlace, 1978) and are known to revisit extirpated FSA sites (Heppel et al., 2013; Stump et al., 2017), we determined the relative importance of the extant and historic FSA sites located within the two MPAs (i.e., Grammanik Bank and MCD, respectively). During the spawning season, a selectivity index was used to quantify the proportion of detections within and outside Grammanik Bank and MCD FSA sites relative to the receiver coverage in each area. Chesson’s selectivity index (α) was used following:

	

where ri is the proportion of detections within each iteration (i) of FSA site designation (i.e., MCD, Grammanik Bank, no FSA site) and pi is the proportional area of receiver coverage at each FSA site designation (i). The historic FSA site within the MCD was delineated as any receiver location within 1,500 m of station 139 (presumed historic site; Figure 1). The Grammanik Bank FSA site incorporated all receivers within the Grammanik Bank MPA. Selectivity indexes were calculated for each individual during the spawning season, and due to changing receiver configurations they were estimated separately for each year. The proportion of detections at each FSA site designation was based on hourly detections in which the location/designation was associated with the receiver that had the most detections each hour (for each individual). A conservative detection range of 200 m (estimate of 75% detection efficiency) around each receiver was used to estimate receiver coverage in each FSA site designation, with overlapping ranges between receivers only counted once.

Spatial networks (e.g., Whoriskey et al., 2019) were used to compare commonly used pathways of Nassau grouper within the study area during the spawning season between years. To ensure singular transmissions detected on multiple receivers were not included, detections were grouped by the transmitter ping interval and only the station with the most detections was selected. Receiver-clock drift can lead to erroneous groupings however the effect was deemed minimal because distances between receivers (>500 m) were larger than expected detection ranges (~300 m). Edges (or receiver-to-receiver pathways) were quantified for each individual (each spawning season) based on the number of consecutive movements between receivers. Edge values for each receiver-to-receiver pathway were then standardized across individuals and spawning seasons by dividing the sum of edge values by the number of individuals detected in the array each spawning season. Within-spawning season comparisons of standardized networks (i.e., correlations between edge matrices) were made between males and females using a Mantel test (spearman rank correlation; vegan R package; Oksanen et al., 2018). Nodes (receiver locations) were quantified based on the number of pathways departing from and arriving to each receiver and were standardized as described above. Networks were completed using the igraph R package (Csardi and Nepusz, 2006) and were plotted to visualize common movement pathways.





Space use estimates

Space use of tagged Nassau grouper (n=24) was analyzed over the seven years (2007-2013) to enhance spatial planning and determine the efficacy of the existing and recommended Grammanik Bank seasonal closed area boundaries. Two approaches were used to estimate spatially relevant areas during the spawning season. In the first approach, minimum convex polygons (MCPs; i.e., home range for each resident fish and functional migration area for migrants) and kernel density estimates (KDEs; i.e., activity space) were calculated using the adehabitatHR (Calenge, 2006) R package. Values were estimated for each tagged fish during the spawning season, as well as for all individuals pooled to evaluate highly utilized areas at a population-level. For these calculations, average positions (i.e., 30-min mean locations; Simpfendorfer et al., 2002) were used instead of raw detections. The MCPs incorporated 100% of positions and included a 200 m radius buffer around each receiver to account for receiver detection range, while 50% and 95% kernal utilization distributions (KUDs) were used for the KDEs (grid resolution = 100 m2, h-smoothing parameter = 150). For both methods, areas were constrained by depth contours no deeper than 100 m based on expected maximum depth-use of Nassau grouper and maximum limits of pressure sensors. These metrics were also calculated and plotted for individuals with temporary resident sites within the study area after the spawning season. For the second approach, the overlapping areas of all Nassau grouper were calculated in ArcGIS and binned into defined zones relevant to reproductive behaviours of species that form spawning aggregations, including spawning site, courtship arena, staging area, migration pathways, and functional migration area (Nemeth, 2012). The area for each of these zones was calculated and the frequency of detections within each of these zones was then used to estimate average percent time spent at the FSA site and within the boundaries of the Grammanik Bank seasonal closed area during spawning season.The relationships between fish length for males and females were analyzed for MCP and maximum migration distance from the GB FSA site using regression.





Drivers of depth use at FSA site

Depth-use patterns were investigated relative to four time periods (dawn ± 1hr, mid-day ± 5hr, dusk ± 1hr, mid-night ± 5hr) and calculated using the maptools (Bivand and Lewin-Koh, 2018) R package based on US Naval Observatory values. A linear mixed effects model tested whether the following variables influenced depth-use: sex, time periods, lunar phase (eight phases; lunar R package; Lazaridis, 2014), and water temperature at the spawning site. Measurements of location and depth-use were grouped every 30-min (see Simpfendorfer et al., 2002) and analysis only included mean 30-min positions located <1 km from the FSA site during each lunar spawning period. (i.e., time between first and last detection). Each individual/spawning period combination was treated as a random variable, and a first-order correlation structure was built into the model to further control for auto-correlation. Over-dispersion and homogeneity of residuals met assumptions for Gaussian distribution within the model. Tukey’s HSD tested for differences among categorical variables when significant using the multcomp R package (Hothorn et al., 2008).






Results

A total of 26 Nassau grouper were tagged with internal acoustic transmitters at the Grammanik Bank between February and April of 2007 (n = 11), 2008 (n = 9), and 2010 (n = 6). Detections occurred over seven years (2007 to 2013) depending on when fish were tagged (Table 1). Total length of females was significantly larger than males (67.4 cm ± 5.76 s.d. vs. 59.0 cm ± 6.21 s.e., F 1,22 = 11.26, p < 0.003). All individuals except two (IDs A69-1303-7567 and A69-1303-7559) met guidelines for inclusion in analyses (i.e., ≥25 total detections and ≥7 days of detections) and none were deemed to have died within the array.




FSA site residency, arrival and departure

Tagged Nassau grouper were present at the FSA site from one to four spawning seasons (mean 1.7 ± 0.88 s.d.) with an average daily residency of ~57% (range = 15% -100%, Table 1). Most multi-year spawners visited in consecutive years except one female (ID 1303-12383) and two males (IDs 1107-37, 1303-57086), which skipped years (Table 1). Within a spawning season, fish visited the aggregation site on average two months per year (range one to four months or lunar periods), with no difference between males and females. Fish arrived at the FSA the week after the full moon from mid-January to early May, with a seasonal peak in presence in March (Figure 2, 2007-2013). Average daily residency time at the FSA was 17 d (± 2.3 s.e.), with males (22.4 d ±3.65 s.e., range = 2 - 88 d) remaining significantly longer (F1,59 = 9.04, p < 0.004) than females (9.3 d ±1.14 s.e., range = 2 - 33 d).




Figure 2 | Daily summary of Nassau grouper presence (black lines) at the FSA site within the Grammanik Bank array during seven-year study. White circles indicate the date of full moons during spawning season and the ‘X’ represents fish tagging release dates. The bottom right plot summarizes the relative proportion of individuals at the FSA site monthly throughout the entire study period.



Across all years, Nassau grouper showed consistent patterns in their monthly time of arrival and departure from the FSA site on days relative to the full moon (Figure 3A) and time of day (Figure 3B). Tagged groupers arrived on the full moon in March, but slightly later in the lunar cycle in February and April (2 - 3 DAFM), and even later in January and May (5 - 6 DAFM) (Figure 3A). Departures were more consistent and fluctuated from about six to nine DAFM (Figure 3A). Most fish arrived at the FSA site between 12:00 – 14:00, but time of departure occurred about two hours earlier each month of the spawning season (i.e., 11:30 in January to 04:00 in May; Figure 3B).




Figure 3 | Mean (± s.e.) arrival and departure of Nassau grouper at the FSA site grouped across spawning seasons relative to (A) the number of days after full moon (DAFM) and (B) the time of day (2-hour bins). Each spawning season consisted of five possible arrival/departure periods for each individual (i.e., five full moons between Dec 15 – May 15). Males and females are combined because there were no statistical differences between sex.







Drivers of presence at FSA site

Differences in presence at the FSA site were associated with hour of day and DAFM (GAMM, p<0.001; Figure 4; Table S1). Water temperature was initially included as an explanatory variable during data exploration; however, it was not included in the final models because temperature at the FSA site only changed by ~2.5°C (25.4-28.0°C) across all years and monthly values were variable across years. Consequently, temperature effects on the presence of Nassau grouper at the FSA site were confounded by the limited range as well as the inter-annual variation that appeared to be independent of tagged grouper visiting the FSA site. Model fit was better when sex was incorporated; for example, females were more likely to be absent from the FSA site prior to full moon (DAFM < 0; Figure 4A) based on effect sizes than males (Figure 4B). Nevertheless, the overall trends between sexes were similar. Generally, the presence of Nassau grouper at the FSA site began increasing around the full moon (i.e., DAFM=0) and was highest ~5-9 DAFM; afterwards presence decreased quickly (Figures 4A, B). Despite a smaller effects size, this pattern was also evident when hour of day was included as an interaction term with DAFM, resulting in the greater presence between ~0-10 DAFM and ~16:00-20:00 (Figures 4C, D). Hourly differences between sexes were more apparent during lunar periods when fish commonly aggregated at the FSA site (0-10 DAFM), which consisted of cyclical patterns of daily movement where male and female Nassau grouper would depart the FSA site a few hours after midnight and reach a maximum distance from the FSA site between 07:00 to 10:00 in the morning before returning to the FSA site in late afternoon (Figure 5). These daily movement patterns represented fish swimming to individual staging areas surrounding the FSA site (Table 3). During these daily movements, there was a significant difference in distance from the FSA site between sexes in some years (2008, 2011; RM-ANOVA: p<0.001; Figure 5) where females swam more than twice as far as males, as well as when all years were combined (F1,23, p<0.001). In other years (2007, 2009, and 2010), distance from the FSA site was similar (RM-ANOVA: p>0.05; Figure 5).




Figure 4 | Partial effects plots from final generalized additive mixed-effects model (GAMMs; see Table S1) showing the influence of days after full moon (DAFM), and hour of day, on presence of female (A, C) and male (B, D) Nassau grouper at the FSA site.






Figure 5 | Distance (mean ± s.e.) from FSA site by hour of day for female and male Nassau grouper for each year that fish were detected (2007 to 2013) and for all years combined (Total) during spawning season and between 0-10 days after full moon.




Table 3 | Distribution of Nassau grouper staging areas and resident sites around Grammanik Bank FSA.







Selectivity of FSA sites and spatial networks

Movement patterns of Nassau grouper during the spawning season showed strong selectivity for the Grammanik Bank with mean selectivity index values among individuals >0.66 (i.e., positive selection cut-off was >0.33; ~72% of detections) every spawning season (Figure 6). Although half of the tagged Nassau groupers (12 of 24) were detected within 500 m of the historic spawning aggregation site, selectivity for the historic MCD FSA site was negative (selectivity index <0.05 across all years; ~2% of detections), as was selectivity outside both FSA sites (~26% of detections), except in 2010 when it was neutral (selectivity index ~0.33; Figure 6).




Figure 6 | Yearly Chesson selectivity index values representing positive or negative selection for the area used by each Nassau grouper at Grammanik Bank (GB) FSA site, historic FSA site in MCD (MCD) and outside these areas during the spawning season. Index values were standardized using the receiver coverage in each area. The bar values represent the mean index value (mean ± s.e.) across individuals each year and location. Index values above the dotted horizontal line represent positive affinity for that area, whereas values below indicate negative affinity.



Despite the significant differences in distances moved away from the FSA site by males and females, movement networks between males and females were similar across years when at least two individuals of each sex were present (Mantel r-statistic: 0.649, 0.280, 0.436, 0.721 for 2007, 2008, 2010, 2011, respectively; p ≤0.001). Node sizes and movement pathways were largest at or immediately around the FSA site (Figure 7) highlighting the importance of habitats around the FSA site for Nassau grouper. Sizes of nodes adjacent to this area were typically larger than more distant nodes (Figure 7). Diverse pathways were common indicating broad use of the area independent of the FSA site. Several higher density pathways between the Grammanik Bank FSA site and the area close to the historic MCD FSA site highlight these common pathways (Figure 7). A majority (14 of 24, 58%) of fish entered (or left) the MCD, contributing to the large node sizes within the MCD (Figure 7). These migrating groupers made two to three trips a year (2.6 ± 2.2 s.d., range: 1-7 trips) between the eastern boundary of the MCD and the Grammanik Bank FSA with an average travel time of about 11 hours (± 16.7 s.d., range: 1.25-72 hours) to make the 3 km journey.




Figure 7 | Spatial network of Nassau grouper movements during each spawning season. Receiver locations (i.e., nodes) are coloured red, except the Grammanik Bank FSA site (blue), the presumed historic, extirpated Marine Conservation District FSA site (yellow inner circle), and stations with no detections (black). The thickness of pathways between receivers (i.e., edges) corresponds to the relative number of movements between these locations and the size of nodes corresponds to the number of individuals detected at each station.







Space-use and migration

Spatial analysis identified both staging areas and temporary residence areas within the acoustic array for many of the tagged Nassau grouper (Table 3). Staging areas were locations where groupers spent a few hours, days or weeks during the spawning season (January to May) but departed before the next lunar spawning period. The majority (87%) of staging areas were less than 3 km from the FSA site (Table 3) indicating that these fish occupied areas outside of either marine protected area. In contrast to individuals occupying staging areas, temporary residents remained near the FSA for two to six months (June to December) following the spawning season but eventually departed these sites before the next spawning season. Nine (38%) Nassau grouper displayed temporary residency within 5 km of the FSA site (Table 3; Figure 8), with some individuals living close to each other (i.e. IDs 7554, 7555 and 7558; Figure 8). Minimum convex polygons (MCP) of temporary resident fish outside the spawning season averaged 4.9 km2 ± 1.75 s.e. (ranged = 1.2 km2 to 17.7 km2) (Figure 8) and was not significantly different from MCP during the spawning season (mean 4.2 km2 ± 1.75 s.e.) (Table 2). Temporary resident areas during non-spawning season for 50% and 95% KUDs averaged 0.14 km2 ± 0.02 s.e. and 0.94 km2 ± 0.18 s.e., respectively (Figure 8). For all fish combined, space use during the spawning season ranged from 0.89 km2 to 21.10 km2 and averaged 7 km2 ± 1.89 s.e. (Table 2) and was not significantly different between males and females (two-tailed T-test: p=0.38). Migration distances, whose values were limited by the receiver array each year (Figure 1), ranged from less than one km to > 25 km (minimum linear distance) with no difference between males and females (Table 2). Males showed a positive relationship between total length and maximum migration distance (y = 0.0012x + 53.89, ANOVA: F1,11 = 14.94, p<0.004, R2 = 0.51) and MCP size (y = 0.09285x + 53.98, ANOVA: F1,11 = 9.29, p<0.03, R2 = 0.62), but not females. The longest migration distance was 25.7 km (51.4 km roundtrip) completed by fish 57083 (Table 2) every month for three to four months of the spawning season from 2011 to 2013.




Figure 8 | Map of insular shelf (light blue – 25 m to 100 m depth) and Virgin Trough (dark blue >100 m to 4000 m depth) showing area usage for nine resident Nassau grouper identified within the acoustic array. Temporary resident fish were identified based on continued presence at specific locations within the study area and outside of spawning periods. Areas include minimum convex polygon (MCP, yellow polygon), 95% (red polygon) and 50% (orange polygon) KUDs, temporary resident site (white cross). Marine Conservation District (large black polygon), Grammanik Bank closed area (small black rectangle) and locations of extant (white circle with black dot) and historic (white square with black dot) Nassau grouper spawning aggregation sites. Legend indicates MCP area, number of migrations each fish made from home site to FSA and minimum linear distance (MLD) from home site to Grammanik Bank FSA. Female fish are ID: 40, 7559, 57087.



Spatially-relevant areas at the population level (all fish combined) were calculated and defined for Nassau grouper. The KDE analysis showed that minimum functional migration area (i.e. MCP), 95% and 50% KUDs for all fish combined during the spawning period was 27.39 km2, 4.24 km2 and 0.19 km2, respectively. This approach accurately identified the core courtship arena and location of the spawning aggregation site (50% KUD) but provided a fragmented activity area influenced by fish occupying staging areas and temporary residence sites (Figure 9A). The MCP analysis produced less precise, but more biologically relevant results applicable for spatial management of the spawning population. The area used by >95% of all tagged Nassau groupers represented the larger courtship arena (Figure 9B, red area), where high densities of Nassau grouper were counted and their courtship behaviors and spawning colorations were observed during SCUBA diving surveys. The area used by 75% - 95% and 50% - 75% of all tagged fish represented both primary staging area and temporary resident sites (Figure 9B, orange and yellow areas). The MCP analysis also identified the primary migration corridor and the minimum functional migration area for the spawning population (Figure 9B), which was limited by the extent of the acoustic array.

We also calculated that Nassau grouper were located within the 1.5 km2 seasonally protected Grammanik Bank only about 65% of time. The remaining time was spent actively migrating to and from the FSA site, staging areas and temporary resident sites on a daily basis (Figures 7, 8). By adjusting the Grammanik Bank boundaries to more closely match spatial patterns of movement, we calculated that a 6.4 km2 area would encompass Nassau grouper 96% of the time during the spawning season (Figure 9B, blue polygon) and a more conservative boundary of 10.5 km2 would encompass over 99% of Nassau grouper movement outside the Grammanik Bank and MCD closed areas (Figure 9B blue dashed polygon).




Figure 9 | Maps showing two approaches for determining space use by Nassau grouper (n=24) in and around Grammanik Bank seasonal closed area and Marine Conservation District (dashed white lines) for years 2007 to 2013. Polygons for Nassau grouper during spawning season show: (A) KUD analysis for 100% MCP (yellow), 95% KUD (red) which includes mostly temporary resident sites and 50% KUD (orange) which includes courtship arena and is centered on the GB spawning aggregation site (receiver station 009) and; (B) Overlap analysis of MCP showing percent of tagged Nassau grouper using different areas which represent spawning site and courtship arena (red), staging area (orange and yellow), primary migration corridor (light green) and minimum functional migration area (dark green) which is defined by extent of acoustic array. Teal polygon indicates minimum proposed MPA boundaries that encompass 96% of tagged Nassau grouper movements during spawning season within the staging area (solid teal line) and dashed teal line includes 99% of Nassau grouper spawning-related movements within Grammanik Bank and unprotected waters.







Drivers of depth use at FSA site

Depth-use by Nassau grouper during the spawning season at the FSA site was associated with moon phase (F3,5339 = 21.7, p<0.001) and time of day (F7,5339 = 2.8, p=0.007), but not water temperature or sex. Mean depth throughout the spawning season was 42.8 m ± 4.32 s.e. (range 22.2 m to 80.4 m). Nassau grouper descended to the deepest depths 6 to 11 DAFM (Figure 10A). The timing of these depth movements (Figure 10A) corresponded to when Nassau grouper were most abundant on the FSA site (Figures 4A, B). Deep movements were most common during dusk and typically did not fall far outside the last quarter moon phase margins (Figure 10B). Post hoc comparisons indicated that depth-use was similar during night and dawn, otherwise all levels were different with dusk showing highest depth-use followed by days after full moon (Figure 10B). For moon phase comparisons, only the last quarter period was deeper than the waning crescent moon phase, however there was an evident increase and decrease in depth-use leading up to and following the last quarter moon phase, respectively (Figure 10B). These patterns were seen in individual depth-use plots where higher depth-use mainly occurred on either side of the last quarter moon period during the day or at dusk (Figures 10C–E).




Figure 10 | Relative depth of Nassau grouper during spawning at FSA site as influenced by (A) days after the full moon (DAFM) and (B) time periods during different moon phases. Mean depth during spawning season was 42.8 m ± 4.32 SD. Plots (C–E) demonstrate diel patterns of depth use of three individuals from April 2007. Solid vertical line indicates the date of the full moon and the dashed vertical line indicates the last quarter moon phase. Moon phase labels WXC, FQ, WXG, WNG, LQ, and WNC correspond to waxing crescent, first quarter, waxing gibbous, waning gibbous, last quarter, and waning crescent, respectively.








Discussion

Acoustic telemetry over a seven-year period provided insights into the spatial and temporal patterns of movement of the endangered Nassau grouper around the Grammanik Bank spawning aggregation site. We found that the 1.5 km2 Grammanik Bank 3-month seasonal closed area (1 February to 30 April) only partly protects Nassau grouper, both spatially and temporally, during the spawning season. Although the majority of fish were present during the closed season (Nemeth et al., 2006; Kadison et al., 2010), results from this acoustic tracking study found that Nassau grouper are exposed to potential fishing mortality for at least one month before (January) and one month after (May) the closed season. During the spawning season, the timing of arrival and departure is strongly influenced by the lunar cycle, and a full moon in early January or late April will result in groupers aggregating outside the closed season in late January and early May, respectively. Although the Nassau grouper is fully protected as a species in the United States (Albins et al., 2009), these gaps in temporal boundaries expose Nassau grouper to potential bycatch of fishers targeting the area for other species. For example, commercial and recreational fishers and charter boats commonly target yellowfin grouper (Mycteroperca venenosa, Serranidae) around the Grammanik Bank (grammanik is the local name for yellowfin grouper in USVI), as well as red hind (Epinephelus guttatus, Serranidae), yellowtail snapper (Ocyurus chrysurus, Lutjanidae), queen triggerfish (Balistes vetula, Ballistidae), mutton snapper (Lutjanus analis, Lutjanidae) and other reef fish species. In addition, fishing activity may disrupt courtship and spawning behaviors (Sadovy de Mitcheson and Erisman, 2012; Nemeth et al., 2020).

The small size of the Grammanik Bank seasonal closed area also increased the vulnerability of aggregating Nassau groupers due to their extensive daily movements to and from the FSA site, which carry them outside the protected area boundaries. The frequent large-scale movements may provide a potential mechanism to attract conspecifics to the FSA since they continue to produce courtship associated sounds (Schärer et al., 2012) up to 5 km away from the FSA site (Rowell et al., 2015). The increased vulnerability of this “Pied Piper” behavior, which is also found in M. venenosa, but not in most other aggregating grouper species that establish spawning territories (Nemeth., 2005; Rhodes et al., 2012; Rowell et al., 2015; Mourier et al., 2019), can be reduced by adjusting the protected area boundaries around FSA sites. We calculated that the current Grammanik Bank area (1.5 km2) only protected Nassau grouper 65% of time during the spawning season, while two newly proposed area boundaries of 6.4 km2 and 10.5 km2, based on Nassau grouper movement patterns, could increase protection to 95% and 99%, respectively. These data will help inform future management decisions that may enhance protection and accelerate recovery of the last remaining spawning site of Nassau grouper in the US Virgin Islands.

We investigated the potential for Nassau grouper to reoccupy an extirpated spawning aggregation site as suggested by previous studies (Heppel et al., 2013; Stump et al., 2017). For example, in the Cayman Islands, Nassau grouper were found to revisit an historic FSA site each day during the week of spawning, but departed the site and travelled to the opposite end of Cayman Brac to spawn at dusk (Heppel et al., 2013). Although Rowell et al. (2015) reported that 64% and 56% of Nassau tagged at the Grammanik Bank entered the MCD and passed nearby the historic FSA site (Olsen and LaPlace, 1978), respectively, a selectivity index analysis performed in this study found no evidence of tagged grouper regularly visiting the historic site. This finding is not surprising since there is considerable evidence that a spawning site can be extirpated by fishing and never recover (Olsen and LaPlace, 1978; Aguilar-Perera, 2006; Sadovy de Mitcheson et al., 2013; Cheung et al., 2013; Stump et al., 2017).

The current study elucidated sex-specific similarities and differences in movement patterns and key aspects of Nassau grouper spatial dynamics that fill gaps in understanding their reproductive behaviors. Male and female Nassau grouper showed consistent patterns in monthly arrival dates relative to the full moon but these varied from January to May by more than seven days for arrival dates and four days for departure dates. The result was a difference in residency on the FSA site for both sexes that ranged on average from one to nearly 11 days (see Figure 3). Variable patterns in monthly arrival and departure dates during the spawning season have been documented for Nassau grouper in Belize (Starr et al., 2007) and L. analis in the Dry Tortugas (Feeley et al., 2018). Nassau grouper also showed progressive trends in time of departure from the FSA site ranging from 11:30 in January to 04:00 in May. The progressive changes in departure dates and times during the spawning season shown by different aggregating species may be driven by environmental changes and warrants further investigation.

An extraordinary finding was the extent of movement by females around the FSA site that was two to three times greater than males. Males were more sedentary, were more likely to establish temporary residences (6 of 9 fish; Figure 8) and thus had longer cumulative residency at the FSA site than females (22 d vs 9 d respectively). These residency times are similar to Nassau grouper in Belize (Starr et al., 2007) but considerably longer than in the Bahamas, where Nassau grouper are reported to stay only one or two days on the FSAs but are gone from home sites 7 to 21 days as they travel 100’s of km to and from the FSA (Dahlgren et al., 2016; Stump et al., 2017). The gonochoristic Nassau grouper (Sadovy and Colin, 1995; Sadovy and Eklund, 1999) showed no sex-specific differences in timing of arrival or departure, a result also found by Starr et al. (2007). This is unlike protogynous aggregating groupers, in which males arrive earlier to establish territories and remain longer at FSA sites than females (Samoilys, 1997; Rhodes and Sadovy, 2002; Whiteman et al., 2005; Nemeth et al., 2007; Rhodes et al., 2012; Nemeth et al., 2020). This characteristic is believed to result in higher catch rates of protogynous males at FSA sites that may cause skewed sex ratios and sperm limitation during spawning (Coleman et al., 1996; AlonzoMangel., 2004; Brooks et al., 2008). The behavior of male and female Nassau grouper around the Grammanik Bank FSA complicates our understanding of sex-specific fishing mortality as seen in protogynous species. For example, male Nassau grouper had longer residency time at the Grammanik Bank because they were more sedentary and more likely to establish temporary resident sites than females. This behavior would make males more vulnerable to fishing mortality if no protected area existed but less vulnerable if within a protected area. Females, on the other hand, traveled much further than males on a daily basis, making them less vulnerable at the FSA site if no protection existed but more vulnerable to fishing mortality by swimming outside protected area boundaries.

The relatively large acoustic array used in this study provided key information on the spatial dynamics of Nassau groupers around the Grammanik Bank FSA site. We were able to identify staging areas used for a few days or weeks, and also temporary resident sites that were used for months after the spawning season but not year-round. Temporary resident areas for 50% and 95% KUDs during non-spawning season (0.14 km2 and 0.94 km2, respectively) were slightly smaller than reported by Keller et al. (2020) for Nassau grouper in the Florida Keys (0.20 km2 and 1.58 km2). Individual Nassau grouper showed relatively strong site fidelity to their staging area or temporary resident site that were used for several successive months and spawning seasons. Starr et al. (2007) also found 17% of Nassau grouper established temporary residence sites around the Belize FSA for up to 10 months.

Management of Nassau grouper has reached a critical point, where stocks have been greatly reduced throughout its historic range primarily through overfishing and loss of spawning aggregations and more decisive action is required (Aguilar-Perera, 2006; Sadovy de Mitcheson and Erisman, 2012; Kobara et al., 2013). For example, in the Cayman Islands the rapid decline of two Nassau grouper FSAs was reversed by establishing area and seasonal closures based on years of research (Waterhouse et al., 2020). Using acoustic telemetry we mapped the main migration pathways, primary staging areas and courtship arena for Nassau grouper at the Grammanik Bank (9.6 km2, 4.7 km2, and 1.2 km2, respectively; Figure 9B) and provided two options for conservation area boundaries (6.4 km2 and 10.5 km2) that can protect the majority of the spawning population. This approach is particularly relevant to Nassau grouper FSA sites located on large insular or continental shelfs areas (e.g. Bahamas, Belize, Cuba, Florida, Turks and Caicos). The spatial areas described above for the Grammanik Bank can also be applied more broadly to other regions or countries where data, resources or access to technology is limited (Kobara et al., 2013). This is particularly important in countries with limited fisheries management where Nassau grouper are being exploited at FSA sites, but populations are still relatively healthy or have high potential for recovery (Vo et al., 2014; Sherman et al., 2016). Identifying biologically-relevant spatial and temporal boundaries for fishery closed areas are likely to be more acceptable to fishers and can be tailored to match the status of local grouper populations. For example, in locations where a Nassau grouper FSA site experiences relatively little fishing, a 5 km2 protected area might be suitable for enclosing the courtship arena and adjacent staging areas. In locations where FSA sites have shown considerable decline and Nassau grouper population sustainability is threatened, a 10 km2 protected area would most likely encompass their staging areas, temporary resident sites and primary migration corridors. A precautionary approach is preferred where marine protected areas can be established on a temporary basis while additional spatial data are collected (Sadovy de Mitcheson, 2016; Waterhouse et al., 2020).

Spatial data can also be used in conjunction with seasonally-specific time periods that bracket the entire spawning season for a particular Caribbean region. At the Grammanik Bank, our spatial and temporal analyses indicated that expanding the MPA boundaries from 1.5 km2 to 6.4 km2 and expanding the closed season to 4 months (January 15 to May 15) or 5 months (January 1 to May 31) would maximize conservation and management objectives while minimizing impact on commercial fishing grounds. Extending the current boundaries further off the shelf edge would also protect the 70 m to 80 m deep Agaricia undata reefs (Smith et al., 2019) which are used by Nassau grouper on a daily basis at dusk during the spawning season. These recommended boundaries are specific for Nassau grouper and do not take into account movement patterns of other species that utilize the Grammanik Bank for spawning (Nemeth et al., 2006; Nemeth and Kadison, 2013; Rowell et al., 2015; Biggs and Nemeth, 2016; Nemeth et al., 2020). However, these management actions incorporate the best available research and would be expected to reduce potential bycatch and fishing mortality, eliminate disturbance of spawning and courtship behaviors at the spawning site (Nemeth et al., 2020), and protect critical spawning habitat for Nassau grouper. Applying management measures for the most vulnerable species, provides additional benefits to other less threatened species at multi-species FSA sites.
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Minimum convex polygons (MCPs; 100% area) only incorporate areas with water depth <100 m. For fish that were readily detected within the array outside of the spawning season, the
approximate distance of that area from the FSA site is indicated but were removed in subsequent analyses. The total number of detections after removal of resident areas is indicated in brackets.
# identifies fish with pressure tags, * fish removed from analyses because they did not meet analysis criteria (see methods). Note that for individual 1303-57083, detections from three receivers at
El Seco Reef were included. Bold numbers indicate means and standard error (SE) of column values.
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Staging areas were locations where grouper spent a few hours, days or weeks during spawning season (Dec. 15 to May 15). Temporary resident sites were locations where fish resided for several
months following the spawning season. * Some fish changed staging areas over the years and these were counted separately (n=30).
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# spawning 5 Daily residency % Daily % of all
Sex Total length (cm) = seasons: years Ploddeicston proportion residency detections

1303-57087 F 589 4:2010-2013 34,542 (0) 84/209 40 53
1303-7567* F 60 1:2008 0(0)
1303-7557 F 60.4 2: 2008-2009 7,134 (0) 26/70 37 90
1107-34 % F 615 1: 2007 625 (0) 717 100 91
1303-7568 F 643 1: 2008 1,928 (0) 10/60 17 23
1107-40 % F 65 2: 2007-2008 6,587 (25) 38/129 (2/2) 29 (100) 40 (1)
1303-57083 F 665 4:2010-2013 51,017 (0) 89/237 38 76
1107-30 % F 68.9 1: 2007 1,997 (0) 22130 73 45
1107-39 % F 69 1: 2007 95 (0) 5/8 63 1
1303-57084 F 73 1: 2010 1,231 (0) 6/6 100 7
110525 % F 73.7 2:2007,2012 127 (0) 718 88 57
1303-12383 F 737 3: 2007,2009,2012 178 (0) 12/42 29 65
1303-7559* F 753 1: 2008 2(0) 1”1 100 1
1303-7558 M 512 2: 2008-2009 36,742 (15,735) 128/145 (160/198) 88 (81) 96 (95)
1303-7556a M 525 1: 2008 353 (0) 4/27 15 86
1303-57082 M 52.8 1: 2010 3,845 (486) 62/70 (53/92) 89 (58) 50 (8)
1303-57086 M 542 1: 2011 1,980 (0) 38/73 50 3
1303-57085 M 55 2:2010-2011 26455 (0) 63/132 48 90
1303-7554 M 57 2: 2008-2009 15,713 (0) 145/86 52 99
1107-29 % M 575 2: 2007-2008 15,333 (26,049) 129/154 (213/213) 84 (100) 45 (21)
1107-31 % M 614 2: 2007-2008 4,147 (0) 34/123 28 12
1303-7556b M 614 1: 2008 35 (0) 3/10 30 2
1303-7555 M 63.9 2: 2008-2009 9,533 (0) 81/101 80 40
1107-37 % M 675 2: 2007-2009 10,213 (0) 46/57 81 81
1107-28 % M 67.8 1: 2007 3,742 (0) 34/64 53 31
1107-25 % M 69.1 1: 2007 208 (0) 7131 23 14

991 + 2,653 57+6 467
Mead £ SE 63l 2id (tsu + 1149) (85 + 10) (31+22)

Daily residency proportion is the number of days detected divided by total days between first and last detection. ¥ identifies fish with pressure tags and * indicates individuals that were removed
from analyses because they did not meet criteria for inclusion based on detection history (see methods). Bold numbers indicate means and standard error (SE) of column values.
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Acoustic telemetry provides insights for
improving conservation and management at
a spawning aggregation site of the
endangered Nassau grouper (Epinephelus
striatus)
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