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Large Individual-Level Variability in Diel Activity and Depth Use for the Common Lionfish (Pterois miles)
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The common lionfish, Pterois miles, a notoriously invasive species known for its harmful effect on native fish communities in the Atlantic Ocean, has recently begun spreading across the Mediterranean Sea. The wide niche breadth of the lionfish has been hypothesized to facilitate its invasion success. However, it is unclear to what extent this wide niche-breadth is associated with individual-level variation and repeatable behavior over time. Large individual-level behavioral variations may allow individuals to adapt quickly to local conditions, increasing the species’ chance of invasion success and complicating mitigation efforts. In this study, we used an acoustic telemetry system in P. miles’ native Red Sea environment to explore individual-level variation in depth preference and diel activity. A wide depth range may indicate an ability to tolerate a variety of biotic and abiotic conditions, and variability in diel activity may indicate an ability to exploit multiple diet sources. We found large individual-level variability in P. miles’ activity hours; although all tracked fish were active during both sunrise and sunset, certain individuals had prolonged activity hours to variable extents. Moreover, individuals often change their patterns over time, showing low repeatability. We also found that individuals had different depth preferences and commuted between shallow and deep waters over short periods of time. This study is one of the first to explore diel activity as an individual-level trait in wild fish. The variability found in depth and diel activity is likely one of the reasons P. miles has been so successful in invading the Mediterranean Sea. In addition, this variability may impact mitigation efforts within the Mediterranean Sea as nocturnal individuals from deeper waters might replenish diurnally culled shallow-water populations.
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INTRODUCTION

The common lionfish, Pterois miles, is one of the most harmful marine invasive species (Morris et al., 2009; Albins and Hixon, 2013). In the western Atlantic, invasions by P. miles and the similar red lionfish Pterois volitans, have caused a severe decline in native species diversity, density, and recruitment rate (Albins and Hixon, 2008; Green et al., 2012; Albins, 2013; Tuttle, 2017). P. miles has also invaded the Mediterranean Sea from its native Indo-Pacific origin through the Suez Canal, and has been spreading rapidly, recently reaching the Italian coast (Golani and Sonin, 1992; Azzurro et al., 2017; Stern and Rothman, 2018; Agostino et al., 2020). This species’ impact in the Mediterranean Sea has not yet been fully established (but see Agostino et al., 2020). It has been hypothesized that wide niche-breadth is one of the traits that enable the lionfish to invade so successfully (Côté et al., 2013a; Hackerott et al., 2013). However, the contribution of individual behavior to the observed population wide niche-breadth is still unclear.

Plasticity in individual behavior may be key for understanding invasiveness. For example, behavior plasticity may enable efficient tracking of local conditions and thus increase invasiveness (Nussey et al., 2007; Sagata and Lester, 2009; Gross et al., 2010; Chapple et al., 2012; Nakayama et al., 2016). In support, invasive amphipods showed higher individual-level variation in swimming activity than native populations (Bierbach et al., 2016). In addition, distinct individual behaviors can affect invasion dynamics as, for example, aggressive and better-dispersing individuals can lead the invasion front to facilitate rapid establishment (Araújo and Gonzaga, 2007; Duckworth and Badyaev, 2007; Duckworth, 2008; Araújo et al., 2011; Bolnick et al., 2011; Fogarty et al., 2011). For lionfish, there is ample evidence of population wide niche-breadth regarding diet, movement, habitat use, depth preference, and activity time (Harmelin-Vivien and Bouchon, 1976; Jud et al., 2011; Cure et al., 2012; Lee et al., 2012; Côté et al., 2013b; Andradi-Brown et al., 2017a; Gavriel and Belmaker, 2020). However, it remains unclear to what extent (1) individuals display similar behaviors and (2) individuals show repeatable behavior over time. Documenting the extent of such behavioral plasticity is critical for understanding the role of individual-level variation in invasion success.

This study explored two traits, activity time (diel activity) and depth use. Temporal activity patterns remain relatively unexplored in marine fish (Albrecht and Gotelli, 2001; Stuber et al., 2015; Alós et al., 2017). In the context of invasion, it is assumed that variable activity hours may increase the availability of dietary sources (Kocárek, 2001; Kronfeld-Schor and Dayan, 2003; Holt et al., 2004; Valeix et al., 2007). In marine fishes, temporal niches are usually conserved as most species are exclusively diurnal, nocturnal, or crepuscular (Helfman, 1978, 1986; Reebs, 2002). However, Pearly razorfish (Xyrithchys novacula) showed variations in individuals’ awakening and rest periods (Alós et al., 2017). A striking shift in diel activity was documented between Goldline rabbitfish (Siganus lineatus) populations at the Great Barrier Reef, shifting their activity from diurnal to nocturnal (Fox and Bellwood, 2011). Lionfish are traditionally described as crepuscular at a population level, but evidence of nocturnal and diurnal activity is accumulating (Harmelin-Vivien and Bouchon, 1976; Morris and Akins, 2009; Cure et al., 2012; Mctee and Grubich, 2014; McCallister et al., 2018; Gavriel and Belmaker, 2020). Individual-level variation in activity times may enable P. miles to exploit a broader range of prey sources and respond more quickly to a different distribution of prey throughout the day, thereby increasing their potential invasion success.

Depth represents a vital habitat axis dictating biotic (Larson, 1980; Golani, 1994; Dunn et al., 2010) and abiotic conditions (Longhurst, 1985; Harvey and Stewart, 1991; Malcolm et al., 2011). Thus, the range of depths inhabited can represent a behavioral axis (Van Snik Gray and Stauffer, 1999). Depth use can vary considerably between individuals. For instance, in Trumpet emperor (Lethrinus miniatus), some individuals use only shallow habitats while others exploit the entire water column (Currey et al., 2014). Lionfish show strikingly broad depth ranges from surface level to depths of 200 m (Nuttall et al., 2014; Andradi-Brown et al., 2017b; Gress et al., 2017). However, it is still not clear to what extent individuals can vary their depth and over what time scale.

Culling, i.e., targeted removal of individuals, is commonly used in the Atlantic Ocean to control lionfish populations (Morris and Creswell, 2013) and is currently being considered in multiple countries around the Mediterranean Sea (Kleitou et al., 2021; Ulman et al., 2021). Although complete eradication of lionfish is impossible, an efficient culling program can mitigate harmful effects (Côté et al., 2014a). Most culling efforts are concentrated diurnally at depths of 0–30 m (Côté et al., 2014b; Usseglio et al., 2017). However, past studies have indicated that deeper mesophotic reefs might serve as lionfish sanctuaries, replenishing shallow-water populations (Andradi-Brown et al., 2017a,b). Understanding the time scale of fish movement between shallow and deep reefs, and their nocturnal and diurnal activity, is critical for designing effective culling programs.

This study uses acoustic telemetry to explore P. mile’s individual variability in its native environment, the Red Sea. To determine diel activity and depth profiles, we tracked free-ranging lionfish, and their acceleration and depth were recorded at minute-long resolution over a period of months. We use this data to explore the variability between P. miles individuals and to assess their consistency over time. Examining the invading lionfish source population in its native habitat can help us understand whether P. miles’ behavioral variation is an inherent trait or one that only appears after invading (e.g., when the lionfish are released from their former biotic limitations (Van Valen, 1965; Bolnick et al., 2010; Tuttle et al., 2017). Moreover, this information can help scientists construct efficient management programs for invasive populations in the Mediterranean Sea.



MATERIALS AND METHODS


Study Site

The study was conducted in a sub-tropical fringing reef located along the coast-line of Eilat, within the Gulf of Aqaba (Figure 1). This region, located along the northern tip of the Red Sea (29.50″N, 34.92″E), is inhabited by ichthyofauna of Indo-Pacific origin (Lieske et al., 2004; Kiflawi et al., 2006). In the Gulf of Aqaba, the common members of the Pteroinae sub-family are P. miles and the Clearfin lionfish, Pterois radiata (Golani and Darom, 1997; Brokovich, 2001; Gavriel and Belmaker, 2020). Lionfish surveys conducted within the study site found that P. miles’ mean density was 2.1 ± 1.8 (SD) individuals per 500 m2 (Gavriel and Belmaker, 2020). The Gulf of Aqaba in general, and the study site in particular, are characterized by a narrow shelf with fringing reefs, followed by a steep slope that descends to depths of 60 m within 200 m from shore (Sade et al., 2008; Tibor et al., 2010). The selected study site was spread over 2.5 km and encompassed multiple sub-habitats such as hard-bottom substrates, soft-bottom substrates, and continuous and fragmented fringing reefs.
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FIGURE 1. Map of the study area located in the northern tip of the Gulf of Aqaba. (A) Regional map of the Red Sea with the study site marked in red. (B) Receiver locations, Vemco receivers marked in orange, and Thelma Biotel receivers marked in green. The two capture sites are indicated as white stars. Site 1 is The Interuniversity Institute for Marine Sciences (IUI), site 2 is the southern beach (S.B).




Acoustic Receiver Arrays

Two acoustic telemetry systems were used to track wild lionfish activity and depth patterns. The first receiver array was composed of 13 VR2W Vemco© receivers. To avoid tag collision with other studies using the same Vemco array at the same time, we constructed another array composed of 12 TBR 700 Thelma Biotel© receivers that operated on different frequencies. Together, the arrays were spread over 2.5 km, from the Eilat Coral Nature Reserve in the north down to the Taba Border Cross in the south (Figure 1).

The area covered included the shallow reef and extended continuously toward the deeper reef with a bottom depth of about 60 m. All receivers were oriented with the hydrophone facing down. The 13 Vemco receivers were deployed from May 2017 to February 2019, in a linear form and were attached to buoys located over the reef slope with a bottom depth of 13–40 m and affixed at 6–12 m. Receivers were tuned to a frequency of 69 kHz. In addition, 12 Thelma Biotel receivers were deployed from November 2017 until February 2019 and tuned to 71 kHz. This array was composed of two parallel lines of receivers: a seaward line with five receivers and a shoreline with seven receivers. The seaward line receivers were positioned next to the Vemco receivers, and the shoreline receivers were attached to buoys at depths of 3–10 m over bottom depth of 5–20 m. The array’s configurations differed due to the lower detection range of the Thelma Biotel receivers (see section “Data Validation”), which required a denser configuration. We located the Thelma Biotel array next to the Inter-University Institution (IUI, Site 1; Figure 1) as this site has a high density of lionfish and could be easily accessed. Neither array provided pinpoint localizations as this kind of data necessitates overlapping reception of at least three receivers. Receivers were retrieved bi-monthly for short periods (up to 36 h) when detection data was downloaded, batteries replaced, and hydrophones cleaned.



Tag Specifications

We used two types of internal implantation transmitters from two manufacturers. Transmissions could only be recorded on the corresponding company’s equipment. Thelma Biotel© AD-LP9L transmitters (9 mm diameter, 28.5 mm long, 2.5 g, operates on a frequency of 71 kHz, power output of 142 dB) were equipped with tri-axial acceleration and depth sensors. The tags were programmed to transmit every minute for the first 5 months and every 5 min for an additional 12 months. The transmission ratio was 2:1 acceleration to depth, respectively. The acceleration sensor had a range of 0–3.465 m/s2. The depth sensor has a resolution of 0.34 cm and a range of 0–81.6 m. The second type of transmitters used were Vemco© V9AP-2x (9 mm diameter, 48 mm long, 3.6 g, operates on a frequency of 69 kHz, power output of 151 dB) equipped with tri-axial acceleration and depth sensors. The acceleration sensor values ranged between 0 and 4.9 m/s2, and the depth sensor had a resolution of 15 cm and a range of 0–34 m. The tags were programmed to transmit every minute for the first 70 days and every 5 min for an additional 287 days. Again, the transmission ratio was 2:1 for acceleration to depth. In the “sensitivity analyses” below, we examine how the difference in maximal depth between tags may impact the result.



Fish Collecting and Tagging

During this study, 11 P. miles were tagged (dates and locations specified in Table 1). Fish were captured at night by trained SCUBA divers using soft monophyletic hand nets. The fish were then transported to a lab located within 1 km from all capturing sites and kept in a 700 L water tank with fresh seawater circulation until being tagged the following morning (up to 10 h from capture). For the tag implantations, the fish were anesthetized with clove oil, and the tags were surgically implanted in the peritoneal cavity of the fish (protocol by Ghanawi et al., 2013). The tag weight to body weight ratio (mean = 1.3%, range 0.8–1.9%) was kept low to assure that tags did not alter fish activity and behavior and were consistent with ratios from previous telemetry research on this species (Bacheler et al., 2015). To facilitate recovery from the surgical procedure, fish were returned to the tank for at least 36 h after the tag implantation. After the recovery period, the fish were released to the sea at their original capture point (±50 m). Fish inserted with Vemco transmitters (five fish) were tagged during May 2017, and those with Thelma Biotel transmitters (six fish) were tagged between December 2017 and June 2018. All surgical procedures and fish handling procedures were reviewed and approved by the BGU Experimentation Ethics Review Committee, authorization number IL-18-04-2018c.


TABLE 1. Summary information for the 11 P. miles tagged at Gulf of Aqaba during 2017–2018.
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Data Validation

Fish detection was screened manually, and detections from dead fish (i.e., showing no change in location, depth, or acceleration values) were removed. Data collected in the 48 h following the fish release back to nature was removed from the analyses to avoid periods of acclimation, as were false detection attributed to tags with unknown ID numbers (ghost tags). Finally, weeks with fewer than 10 detections were omitted. Additional filtering was applied separately for each analysis (see below). We estimated the array reception areas and found that the conservative detections range was 120 m for each Vemco receiver and 50 m for each Thelma Biotel receiver (see Supplementary Material 1).



Analyses


Activity

To assess if individuals possess similar activity patterns, we used Generalized Additive Models (GAMs, Hastie, 2017) and tested if including individual identity increased model performance. Activity hours were estimated using the acceleration data collected from tagged P. miles. The underlying assumption was that a concentration of high acceleration values could accurately represent lionfish activity and compensate for the low acceleration values expected for an ambush predator (Fishelson, 1997; Albins and Lyons, 2012). We transformed the acceleration values to a binomial variable (zero indicating a non-active state and one indicating an active state) in the following way: median acceleration values (m/s2) were calculated for bins of 30 min periods, bins with less than three detections were removed from the analysis. Then we defined the 70th percentile of the bins with higher acceleration values as active half hours and the rest as non-active half hours for each fish. This method enabled us to standardize the activity definitions and account for variation in acceleration measurements across the different manufacturers (see section “Tag Specifications”).

As the response was the presence or absence of activity (1/0) in each 30-min bin, we used binomial family GAM. The primary predictor was “time from sunrise,” modeled via cubic spline smoother, meaning that time was treated as cyclic [knot number (k) was defined to be 24, i.e., the day was split into 24 sections]. Other predictors used to explain some of the variations between individuals were “depth (m),” calculated as the median depth (m) for each 30-min bin, and applied in the model using an adaptive smoother (Wood, 2006), and “season” modeled as a fixed effect (December–February, March–May, June–August, and September–November). “Fish length” (TL in cm), and “capture site” (categorical variable, n = 2) were tested as well but excluded from the analysis in a preliminary model selection process. The variable “time from sunset” was also tested and produced similar results to “time from sunrise” and was thus omitted. We tested this model once with “fish ID” added as a random effect to the intercept only (similar activity pattern to all fish) and once as an interaction with the “time from sunrise” (creating separate activity curves for each “fish ID”). To identify the models best supported by the data, we used the corrected Akaike Information Criteria (Sugiura, 1978; Akaike, 1987). This criterion prioritizes models based on the maximum variation explained by the minimum variables and thus balances predictive power and overfitting (Akaike, 1987).

To assess consistency in activity hours for the same individual between days, we used repeatability scores. To compare activity across days and individuals, we calculated an index of daily activity peaks, defined as the hour of the highest density of active detections, as estimated by a kernel density smoother. Since lionfish show a general pattern of two activity peaks around sunrise and sunset, we performed the analyses separately for each period to obtain one index for the time of the highest morning activity and one index for the highest evening activity. To ensure the quality of the analysis, we only included days that had a full activity profile with at least 20 h between the first and last detections of the day and with at least one detection every 4 h.

The repeatability score was quantified using a mixed-effect model approach (Dingemanse and Dochtermann, 2013; Alós et al., 2017) as:
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The between individual component (BIC) represents the average variance found between individuals and was calculated in the model as the variance of “fish ID” random intercepts. The within individual component (WIC) is the average variance found within an individual and represents the variance associated with measurement error in the model (Roughgarden, 1972; Bolnick et al., 2002; Nakagawa and Schielzeth, 2010; Dingemanse and Dochtermann, 2013; Alós et al., 2017). The repeatability score ranges from 0 (low) to 1 (high) repeatability.

The models’ response variables were “morning activity peak” or “evening activity peak.” Predictors used to explain some of the WIC were “season” and “capture site,” treated as fixed effects. We calculated adjusted repeatability scores, meaning that the variance explained by the fixed effects was not included in the denominator of the repeatability calculation (Dingemanse and Dochtermann, 2013). The confidence intervals for the adjusted repeatability score were constructed using parametric bootstraps, and likelihood ratio tests were used to calculate the p-value.



Depth

To estimate if individuals vary in their depth use, we tested whether including individual identity increased GAM performance. We used the median depth (m) of each 30-min bin as the response variable. The predictor variables included “time from sunrise” and “season” modeled as described above. “Activity” (0/1 for each 30 min bin) was used as fix effect. “Fish length” and “capture site” were also tested but were excluded in a preliminary model selection process. We tested this model compared to a similar model with “fish ID” added as a random effect (using AICc scores; Akaike, 1987; Hastie, 2017).

To assess individual consistency in depth preferences, we examined each individual’s maximum daily depth and daily depth range and calculated the repeatability score. These indices were calculated based only on days with 18 h or more between the first and last detection and at least one detection every 6 h. These criteria are slightly less strict than those used for the daily activity indices as it is easier to characterize the daily depth profile than it is to characterize activity levels that usually have at least two peaks. Adjusted repeatability scores were quantified using mixed-effect models as described above for activity (Dingemanse and Dochtermann, 2013; Alós et al., 2017). The models’ response variables were “maximum depth” or “depth range.” Predictors used to explain some of the WIC were “season” and “capture site,” treated as fixed effects.




Sensitivity Analyses

We performed several sensitivity analyses to assure the robustness of our results. (1) To ensure that active periods defined at a scale of 30-min bins (see section “Activity”) do not represent only the periods in which fish were detected (e.g., due to low reception while hiding), we compared the density plot of the periods defined as active to the density plot of all the detections. (2) The number of detections and the tracking period were considerably higher for fish number eight (71% of all detections). Thus, activity patterns and repeatability scores might be affected by this single individual. We performed two additional analyses and compared the results to those obtained when using all the data. In the first, we excluded fish number eight entirely. In the second, we used only the first 2 months of data for this individual. This way, we retained a balanced portion of this individual’s detections compared to other individuals tagged. (3) Transmitters from both manufacturers lower their transmit frequencies after a certain period (see section “Tag Specifications”). We repeated all analyses with data collected only from high transmit frequency periods to ensure this did not affect the results. (4) Three of the fish in this study were tagged with Vemco tags with a limited depth range of 34 m. As a result, the depth ranges for these fish are truncated, which can influence the perceived values of BIC and WIC (see section “Depth”). This “pseudo-repeatability” is expected to decrease the WIC, and, as a result, the repeatability score estimated might be inflated (Dingemanse and Dochtermann, 2013). To control for the possibility of biased repeatability scores, we also constructed depth models only for the four fish with the full depth range. The results of all sensitivity analyses are presented in Supplementary Material 2.




RESULTS


Fish Tagged

During this study, 11 P. miles were tagged, 5 were tagged with Vemco transmitters, and 6 with Thelma Biotel (Table 1). Out of those, eight fish survived, and their detections were analyzed. The number of detections for each fish ranged from 3,861 to 2,300,697 and the tracking period ranged between 20 and 272 days.



Activity Patterns

The activity of all P. miles tracked, as emerged from the telemetry data, generally peaked around dusk and dawn, with most activities ±2 h from sunrise/sunset. However, when examining individual activity plots, it became clear that there was some P. miles activity level almost throughout the entire day (Figures 2A,B), as some individuals tended to nocturnal activity (e.g., fish #5), some toward diurnal activity (e.g., fish #1), and others stayed mainly crepuscular (Figures 2A,B). In addition, the model fitting separate activity curves for each individual was better supported by the data (Table 2, ΔAICc = 438), indicating individual variation in diel activity.
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FIGURE 2. Activity (A,B) and depth (C) for each tagged P. miles. The top two graphs depict the density of active detection relative to time from sunrise (A) and time from sunset (B). Active detections were defined as the 30% most active half hours for each fish. The shaded dark gray areas represent night, and the light gray represents crepuscular hours (±1 h from sunset/sunrise). The bottom graph (C) shows the densities of detected depths for each individual.



TABLE 2. Summary of the GAMs fitted for the lionfish activity patterns.
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When examining morning and evening activity peaks across days, we found that most activity peaks indeed occurred at sunrise or sunset (Figures 3A,B). However, in some cases, the maximum activity peak was as far as 6 h from sunrise or sunset. Some fish had distributions of daily activity peaks that resembled the distribution of all fish combined (Figures 3A,B), indicating low temporal repeatability. Accordingly, the adjusted repeatability scores for the morning and evening activity peaks were 0.21 (0.00–0.46, 95% CI) and 0.27 (0.003–0.53, 95% CI), respectively (Table 3). When examining the BIC and WIC, we found that the low repeatability scores were due to relatively high WIC (4.33 and 4.81 for the morning and evening activity peaks, respectively; Table 3) almost three times larger than the BIC.
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FIGURE 3. Distribution of the four daily indices across all individuals (right) and separately for each tagged individual (left). Dots in the violin plots represent the mean value for each fish, and the red dashed lines indicate the mean value for all fish. “n” represents the number of days used for each violin plot. (A) Morning activity peak, sunrise is denoted by a dashed black line. (B) Evening activity peak, sunset denoted by a dashed black line. (C) Daily depth range and (D) maximum daily depth. The gray shaded areas denote the Vemco transmitter depth limitation.



TABLE 3. Mixed effect model results including adjusted R-score, between-individual (BIC), and within-individual variation (WIC) for the daily indices (morning activity peak, evening activity peak, daily depth range, and maximum daily depth).
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Depth Pattern

Fish were detected at depths of 0–64 m (Figure 2C); however, this is likely an underestimation of the fish’s full depth range as the tags’ transmits were depth-limited (see section “Materials and Methods”). We found that different fish had depths they tended to inhabit. Thus, the model that included “fish ID” as a random effect was better supported by the data than the model assuming all individuals had similar depth preferences (ΔAICc = 9234, Table 4). Nevertheless, individuals were not restricted to a specific depth, and individuals displayed varying depth patterns over time (Figures 2C, 4). The greatest daily depth range for any individual fish was 60 m (fish #8).


TABLE 4. Summary of the GAMs fitted for the lionfish depth pattern.
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FIGURE 4. Examples of the raw depth recorded for the entire period each fish was detected. Fish numbers two, six, and eight are shown above, and data for all fish in the study appear in Supplementary Material 4.


We also examined depth pattern consistency and found that the daily depth range and the maximum daily depth varied considerably between individuals and within each specific fish over time (Figures 3C,D). Adjusted repeatability scores were 0.46 (0.08–0.71, 95% CI) for daily depth range and 0.64 (0.23–0.83, 95% CI) for maximum depth (Table 3). These scores represent medium to high repeatability. However, when examining the BIC and WIC, we found that the daily depth range index had similar BIC and WIC (63 and 75, respectively) and that for maximal depth, the BIC (172) was almost double the WIC (87, Table 3). These results imply that the relatively high repeatability scores for depth are attributed to the large differences between individuals (represented by BIC) that mask the changes in individual depth-use over time (represented by WIC).




DISCUSSION

We found that within their native range, P. miles individuals show high variability in both depth use and activity time. All P. miles tracked were active at both sunrise and sunset, but some individuals tended to also be active during the day or night (Figures 2A,B), and individuals also utilized variable depths (Figures 2C, 4). Moreover, despite the small sample size (n = 8), we observed considerable within-individual variation between days along the day/night and depth axes. Activity peaks varied substantially across days for single individuals (Figure 3 and Table 3), and individuals varied their depth unpredictably over time. This behavioral flexibility demonstrated within the species’ native range may indicate a pre-adaptation allowing this species to become a successful invader in both the Atlantic and the Mediterranean.

Although lionfish as a species have been extensively studied (Morris et al., 2009; Cure et al., 2012; McCallister et al., 2018), only a few studies have specifically assessed variation between individuals. Evidence for individual variation comes from acoustic telemetry home-range studies. In two different studies, lionfish’s home-range in invaded seas ranged from 360–12,812 m2 (McCallister et al., 2018) to 158–4051 m2 (Dahl and Patterson, 2020), suggesting high variation among individuals. In addition, a study in North Carolina found large variability in the number of receivers that detected each lionfish, indirectly implying variable home-ranges (Bacheler et al., 2015). Here, we extend the findings of the large variability in home-range between individuals to both depth use and diel activity.

Lionfish’s ability to be active at different hours throughout the day and night may increase the number of potential prey species, especially in an invaded range where the native fish are naïve (Agostino et al., 2020). Usually, marine species have highly conserved diel activity patterns (Helfman, 1978, 1986; Reebs, 2002; Pickholtz et al., 2018; but see Fox and Bellwood, 2011). Even among crepuscular species that need to adjust to dark and light conditions, individual variation is unusual (Helfman, 1986; Løkkeborg et al., 2000). For example, Ling fish (Molva molva) show a consistent crepuscular activity pattern with little variation among individuals (Løkkeborg et al., 2000). In this context, the diel flexibility of P. miles is impressive as it occurs both between individuals and within individuals over time.

Lionfish depth profiles show that some individuals occupy different depths across days (fish #6 and fish #8), while others consistently inhabit shallow areas (fish #5 and fish #7). The reason for the large variation in depth-use patterns between individuals can either be distinct personalities and depth preferences, or the depth distribution of habitats at different locations. For example, over the southern sites, where fish preferred mostly shallow depths, there is no deep reef but rather a soft bottom substrate that might be less appealing for lionfish. The depth-related repeatability scores suggest conserved individual depth use (Table 3). Nevertheless, these high repeatability scores originated from the high variation between individuals (BIC) that obscured the variation within individuals over time (WIC). Thus, the results also demonstrate that depth shifts within individuals are common and can occur over short time scales. For example, fish #8 crossed more than 60 m in a single day (Figure 3C).

The ability of individuals to move between shallow and mesophotic reefs has substantial implications for the effectiveness of shallow reef culling (Andradi-Brown et al., 2017a,b). Lionfish removal is typically restricted to shallow depths (Côté et al., 2014b; Usseglio et al., 2017), including in the Mediterranean Sea (Kleitou et al., 2021). Our findings demonstrate frequent movements of lionfish between shallow and mesophotic habitats over short time intervals. These findings raise the possibility that culled shallow-water populations can be replenished, even daily, with individuals from deeper waters. In support, a study integrating data from numerous western Atlantic locations found that shallow water culling programs did not always alter the depth abundance distribution of lionfish (Andradi-Brown et al., 2017b). At the same time, large individual-level mobility may also imply that shallow water culling can impact the lionfish population at deeper depths (similar to an edge effect in marine protected areas; Ohayon et al., 2021).

Past studies have demonstrated lionfish’s ability to react to culling efforts. For example, lionfish in culled areas in the Bahamas tended to be less active during daytime compared to lionfish inhabiting non-culled reefs (Côté et al., 2014b). In the Atlantic Ocean, non-culled mesophotic lionfish had a similarly high alert rate to divers as lionfish in culled shallow areas (Andradi-Brown et al., 2017a). Understanding both the location-specific level of connectivity and the ability of individuals to change behaviors in response to fishing is critical to designing and implementing optimal culling programs.

This study has several caveats; the most prominent one is the small sample size. While larger sample sizes would have provided a more detailed understanding of the observed patterns and may lead to increased depth range and activity hour estimates, even from the current sample size, the variation in activity and depth of P. miles between and within individuals is clear and striking. Another caveat is that some of the study fish were tagged with transmitters with limited maximal depth (34 m). Although excluding those fish did not change the results (see Supplementary Material 2), the variability and range of depth estimates presented here are likely underestimated. In addition, the use of two acoustic telemetry systems possessing different detection ranges and array configuration limited our ability to conduct movement and home range assessments, preventing direct comparison to former studies exploring those traits in the invaded range. Finally, we only examined two important behavioral axes. Estimating additional traits, such as diet or space-use patterns, could provide complementary views of this species’ behavior.

This study was conducted within the native environment of P. miles in the Red Sea. The “ecological release” theory posits that invasive species may be freed from the biotic limitations in their native range and thus appear as generalist species (Van Valen, 1965; Bolnick et al., 2002, 2010, 2011; Pickholtz et al., 2018). The observation of flexible behaviors and wide niche-breadth for P. miles in the native range suggests that the plasticity of lionfish in the invaded ranges is not solely the result of “ecological release.” Instead, the behavioral flexibility appears to be a pre-adaptation that may have facilitated its invasion success.
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Fish ID Tag type Length (cm) Capture site Tagging date Total days detected Total number of detections Included in the analysis

1 Vemco 22 9] May 23, 2017 7 7573 Yes
2 Vemco 24 SB May 15, 2017 43 8546 Yes
3 Vemco 28 SB May 15, 2017 20 6034 Yes
4 Vemco 26 SB May 15, 2017 272 3861 Yes
5 Thelma biotel 28 19]] December 1, 2017 134 11,790 Yes
6 Thelma biotel 29 Ul March 21, 2018 270 43,7117 Yes
7 Thelma biotel 24 9] May 15, 2018 7 22,143 Yes
8 Thelma biotel 27 19]] June 1, 2018 252 230,697 Yes
9 Thelma biotel 19 19]] December 1, 2017 302 62,707 No
10 Thelma biotel 25 Ul May 16, 2018 20 28 No
11 Vemco 24 SB May 23, 2017 6 799 No

Capture site "IUI" represents The Interuniversity Institute for Marine Sciences, and “S.B” represents the southern beach.
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Predictors included “hour from sunrise” as a smoothed co-variant, “season” as a
fixed effect, and “activity (0/1)” as a fixed effect. Model d also includes “fish ID” as

a random effect.
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A. Parametric coefficients Estimate  p-Value Estimate  p-Value
Intercept —2.40 <0.0001 —2.59 <0.0001
Spring 0.52 <0.0001 0.52 <0.0001
Summer 1.22 <0.0001 1.21 <0.0001
Winter 0.14 0.058 0.13 0.058
B. Smooth terms Edf p-Value Edf p-Value
Hours from sunrise (all fish) 19.02 <0.0001 ex ex
Fish ID (random effect) 6.79 <0.0001 6.76 <0.0001
Depth median 20.65 <0.0001 20.45 <0.0001
Hours from sunrise by Fish 1 ex ex 7.96 <0.0001
Hours from sunrise by Fish 2 ex ex 7.34 <0.0001
Hours from sunrise by Fish 3 ex ex 6.83 <0.0001
Hours from sunrise by Fish 4 ex ex 0.01 0.754
Hours from sunrise by Fish 5 ex ex 7.28 <0.0001
Hours from sunrise by Fish 6 ex ex 12.29 <0.0001
Hours from sunrise by Fish 7 ex ex 12.2 <0.0001
Hours from sunrise by Fish 8 ex ex 19.04 <0.0001

The response variable was fish “active” versus “non-active” detections, estimated
within a binomial model. Predictors include the effect of “time from sunrise” for
all the individuals (model a) or separately for each individual (model b). “Season”
was treated as a fixed effect, “fish ID” as a random effect, and “depth” as a

smoothed covariate.
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Random effect Variance SD Variance SD Variance SD Variance SD
Fish ID (BIC) 1.85 1.08 1.78 1.38 63.81 7.988 171.96 13.113
Residual (WIC) 4.33 2.08 4.81 219 74.76 8.646 87 9.328
Fix effect Estimate SE Estimate SE Estimate SE Estimate SE
Intercept —0.59 0.57 0.42 0.71 144 397 15.94 6.01
Spring —0.51 0.53 0.14 0.55 3.08 1.75 6.52 1.89
Summer 0.43 0.29 —0.01 0.3 4.67 1.18 1417 1.27
Winter 0.29 0.33 —0.03 0.34 —ill8 1.35 1.78 1.46
Capture site 0.12 1.05 —0.43 1.3 —7.61 6.97 —-12.83 11.8
Adjusted R-score 0.215[0,0.458] 0.27 [0.008,0.528] 0.46 [0.087,0.714] 0.664 [0.23,0.83]

The residual variance represents the WIC, and the variance associated with fish identity represents BIC. The adjusted R-scores were calculated as the ratio of the
BIC/(BIC + WIC). Other fixed effects included were “capture site” and “season.”





