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Remote Predictions of Mahi-Mahi (Coryphaena hippurus) Spawning in the Open Ocean Using Summarized Accelerometry Data
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Identifying complex behaviors such as spawning and fine-scale activity is extremely challenging in highly migratory fish species and is becoming increasingly critical knowledge for fisheries management in a warming ocean. Habitat use and migratory pathways have been extensively studied in marine animals using pop-up satellite archival tags (PSATs), but high-frequency data collected on the reproductive and swimming behaviors of marine fishes has been limited by the inability to remotely transmit these large datasets. Here, we present the first application of remotely transmitted acceleration data to predict spawning and discover drivers of high activity in a wild and highly migratory pelagic fish, the mahi-mahi (Coryphaena hippurus). Spawning events were predicted to occur at nighttime, at a depth distinct from non-spawning periods, primarily between 27.5 and 30°C, and chiefly at the new moon phase in the lunar cycle. Moreover, throughout their large-scale migrations, mahi-mahi exhibited behavioral thermoregulation to remain largely between 27 and 28°C and reduced their relative activity at higher temperatures. These results show that unveiling fine-scale activity patterns are necessary to grasp the ecology of highly mobile species. Further, our study demonstrates that critical, and new, ecological information can be extracted from PSATs, greatly expanding their potential to study the reproductive behavior and population connectivity in highly migratory fishes.
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INTRODUCTION

Temperature is a dominant environmental variable that dictates individual species physiology and resultant behavior (Fry, 1947) and is known to drive migration patterns and distributions of pelagic fishes worldwide (Brill, 1994; Braun et al., 2015; Lynch et al., 2018). Marine species are redistributing to higher latitudes and deeper waters as a result of ocean warming (Perry et al., 2005; Hoegh-Gulberg et al., 2014), and this range shift presents an enormous additional challenge to fisheries management and the global food supply (Cheung et al., 2013). Understanding a species reproductive ecology is a critical component of a well-managed fishery (Rowe and Hutchings, 2003), and is of increasing importance in a dynamic ocean.

Mahi-mahi (Coryphaena hippurus Linnaeus, 1758) is a highly migratory pelagic species distributed globally throughout tropical and subtropical waters (Gibbs and Collette, 1959). The species is highly sought after by recreational and commercial fisheries and is of significant economic importance (Oxenford, 1999). Mahi-mahi are highly fecund batch spawners (Beardsley, 1967; Oxenford, 1999). Collection of larvae and analysis of gonads from mature mahi-mahi suggest that peak spawning occurs in early spring in tropical waters and in the summer and early fall in the subtropics (Gibbs and Collette, 1959; Beardsley, 1967; Oxenford, 1999). These seasonal patterns indicate that spawning is temperature-dependent (Gibbs and Collette, 1959; Beardsley, 1967; Oxenford, 1999). In captivity with a suitable diet, male mahi-mahi spawn daily and females spawn on alternate days throughout the year at an average temperature of 26.7°C, though captive spawns have been documented from 19 to 31°C (Stieglitz et al., 2017). However, despite understanding the role of temperature in spawning success, fine-scale data on reproductive timing, frequency, and habitat in the wild have been unattainable for most marine species, including mahi-mahi (Rowe and Hutchings, 2003).

The pelagic environment is characterized by patchy prey distribution and, in order to sustain high growth rates and find reproductive opportunities, pelagic predators such as mahi-mahi undertake extensive vertical and horizontal migrations within the physiological restrictions of temperature and oxygen requirements (Brill, 1994, 1996). Much of what we know about the movements of pelagic teleosts has been revealed through the use of pop-up satellite archival tags (PSATs) (Block et al., 2011). These tags provide powerful fishery-independent data on temperature, depth, and light levels that can be modeled to assess horizontal migrations (Lam et al., 2010). PSAT data can therefore be used to understand current habitat use for species of interest as well as provide insight into how future environmental changes, such as ocean warming, may affect species may affect species movements and distributions (Stramma et al., 2012).

Traditionally, studies without direct observations of spawning have identified putative spawning events from PSAT data using changes in depth distributions at known spawning grounds (Block et al., 2001; Seitz et al., 2005; Teo et al., 2007; Loher and Seitz, 2008; Aranda et al., 2013; Hazen et al., 2016). In contrast to inference based solely on an understanding of general life history, in some species captive and in situ observations have allowed researchers to assign specific behaviors to data collected from three-dimensional accelerometers, and these calibrated data have been used to predict reproductive behaviors in wild fishes over short deployments where accelerometers were able to be recaptured and the full dataset accessed (Tsuda et al., 2006; Whitney et al., 2010). Accelerometers have recently been integrated into PSATs; however, due to battery limitations, acceleration data must be summarized to allow transmission and delivery via satellites (Nielsen et al., 2018; Skubel et al., 2020). For the first time, we reveal the environmental drivers of activity patterns and predicted spatiotemporal spawning habitat for mahi-mahi using a novel predictive model based on acceleration data summarized and remotely transmitted by PSATs. We further examine migratory routes and environmental drivers of vertical distributions to add information critical to understanding how warming oceans may affect distributions of mahi-mahi.



MATERIALS AND METHODS


Experimental Animals

To customize acceleration data summarization algorithms and detect in situ spawning events in the wild, mahi-mahi were captured off the coast of Miami, FL, United States [Special Activity License (SAL): SAL-16-0932-ABC and SAL-18-0932-ABC] using hook-and-line angling and transferred to the University of Miami Experimental Hatchery in an oxygenated flow through recovery tank (Stieglitz et al., 2017). Mahi-mahi were occasionally captured on J-style hooks (Mustad sizes 5/0–7/0) using trolled feathers and hard plastic lures (trolling speed ∼5–6 knots), but the majority of fish were captured by sight-casting both live and dead bait on circle hooks (Mustad sizes 3/0–6/0) to schools of mahi-mahi. Once at the experimental hatchery, mahi-mahi were acclimated for a minimum of 2 weeks before use in experiments and all captive experiments were conducted under the University of Miami Institutional Animal Care and Use Committee (IACUC) protocol # 18-052-LF. During acclimation and captive tagging experiments fish were fed a diet of cut squid (Loligo opalescens Berry, 1911) and sardines (Sardinella aurita Valenciennes, 1847) daily and received weekly vitamin and mineral supplements (Stieglitz et al., 2017).



Pop-Up Satellite Archival Tags

MiniPAT type PSATs with integrated accelerometers (Wildlife Computers, Redmond, WA, United States) were used for tagging captive and wild mahi-mahi. Experimentation with different tag attachments identified that the best method for tagging was a small-size Domeier-type dart inserted into the dorsal musculature and through the pterygiophore bones. Tag tethers were made with 130-pound test monofilament (Momoi Fishing, Kobe, Japan) covered in silicon tubing to reduce chafing (Thermo Fisher Scientific, United States) and tag darts were dipped in an 1:10 solution of 200 mg/mL oxytetracycline (Duramycin 72-200, Durvet, Blue Springs, MS, United States) in physiological saline immediately prior to tagging. PSATs were programmed to collect depth and temperature measurements every 5 min, sea surface temperature (SST) and light levels at local sunrise and sunset for geolocation modeling, and raw acceleration data for up to 96 days and transmit raw temperature, depth, and light data and summarized acceleration data. Deployments of 96 days were selected to maximize the resolution of the transmitted data.



Captive Tagging Experiments

Captive fish selected for tagging were handled and spawned using methodology detailed by Stieglitz et al. (2017). In summary, fish were lightly anesthetized with oil of clove bud (eugenol; Spices USA, Inc., Hialeah, FL, United States) and herded into a water-filled vinyl sling where tagging with PSATs occurred. Immediately following tagging, fish were transferred into a 30,000 L outdoor cylindrical tank 2 m in depth and 4.5 m in diameter, equipped with an environmentally controlled recirculating aquaculture system that allowed temperature to be maintained at 27°C, the temperature previously determined to be optimal for captive mahi-mahi spawning (Stieglitz et al., 2017). The tank was covered with a dome lid fitted with shade cloth to reduce exogenous disruptions to the fish and equipped with video recording.

Two captive tagging experiments were completed to investigate the acceleration patterns of tagged mahi-mahi at the time of spawning. The first captive tagging experiment was performed in May and June in 2016 with one tagged male and female (fork length = 59 and 52 cm, respectively) and the second was completed in January 2019 with two females and one male (fork length = 100, 99, and 102 cm, respectively). Though only one tagged male and female were in the tank simultaneously, the first experiment in 2016 included an untagged female in the tank to increase the number of spawns by the tagged male. Fish were selected to represent the range of sizes that would be tagged in the wild. Experiments were terminated if any of the fish showed signs of stress. Spawning times were verified by observing the presence of fertilized embryos in an egg collector device adjacent to the tank (Stieglitz et al., 2017). In addition, videos were reviewed to observe the length of courtship behaviors and identify behaviors associated with spawning. Spawning events in the first day following tagging, the day preceding the termination of the experiment, or when fish showed periods of stress were discarded from the analysis. Overall, acceleration data were collected from five individuals for a total of 74 days and 40 confirmed individual spawning events in captive fish (males = 25 events, females = 15 events). Behavior preceding spawning events was frequently characterized by several hours of rapid chasing of females by males interspersed with periods of males and females swimming in slow tight circles around one another. The summarized acceleration data from these fish were used in an ensemble modeling approach developed to predict spawning likelihood in wild tagged fish.



Accelerometers

To program PSATs with acceleration thresholds on a scale relevant to mahi-mahi baseline activity, and one most likely to separate spawning and non-spawning events, we examined raw acceleration data following our first captive tagging experiment in 2016. Wildlife Computers MiniPATs can be customized to record acceleration at a rate of 1 Hz and count changes in z-axis acceleration in the positive direction. The reference frame of the MiniPATs has the z-axis pointing outward from the nose cone of the tag toward the fish; thus, an upright tag reports a value of −1 g. To count active events, the minimum and maximum acceleration values over a 10 s window were tracked, and if the difference between the minimum and maximum values exceeded a specified threshold acceleration events were counted. Summarized data reports a count up to 126 or ≥127 acceleration events in a 2-h period. The percent time that the threshold was not exceeded in a 2-h period, i.e., the percent time the fish was decelerating or in a low-activity state, was additionally tracked with a resolution of 1%.

Several thresholds for triggering acceleration events and percent time low-activity were examined starting at 0.5 g for acceleration events and −0.5 g for time in a low-activity state and these thresholds were subsequently increased and decreased, respectively, until a threshold of 0.982548 and −0.01745 g was reached. A visual examination of the data suggested that a threshold of 0.65798 g for acceleration events and a threshold of −0.34202 g for tracking percent time in a low-activity state gave the best resolution for separating spawning and non-spawning behavior. PSATs deployed on wild mahi-mahi were programmed using these thresholds. Unlike raw acceleration data, this summarized acceleration data can be transmitted through the Argos system, and therefore physical tag recovery is not necessary.



Pop-Up Satellite Archival Tag Deployment on Wild Mahi-Mahi

Wild mahi-mahi tagging took place in the Florida Straits off the coast of Miami, FL, United States (n = 17) and in the northern Gulf of Mexico off the coast of Venice, LA, United States (n = 2) from September 29, 2016 to December 17, 2018 (IACUC # 15-019, SAL-16-1813-SR; Figure 1 and Table 1). Mahi-mahi were hook-and-line angled as described for captive tagging experiments, directed into a vinyl seawater-filled sling, and the sling was brought onboard the vessel and lowered into an oxygenated seawater-filled container where tagging could take place without exposing the fish to air. Captured mahi-mahi were sexed, fork length was measured to the nearest centimeter, and overall fish condition was assessed (i.e., coloration, eye condition, visible wounds). Mahi-mahi in good condition and at least 65 cm fork length were tagged as described for captive tagging trials.
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FIGURE 1. Map showing Venice, Louisiana, Miami, Florida, and generalized release sites for mahi-mahi (Coryphaena hippurus) in the Gulf of Mexico and the Florida Straits. Additionally, four migratory regions (Gulf of Mexico, Southern Gulf Stream, Mid-Gulf Stream, and Northern Gulf Stream), which were determined visually from geolocation tracks and represent four different geographic regions that tagged mahi-mahi inhabited in our study, are shown. The Gulf Stream, a western-boundary current, flows northward from the Florida Straits. The Mid-Atlantic Bight region describes the area originating at the Northern Gulf Stream region north to Massachusetts.



TABLE 1. Morphometric, release, and migration data from 19 mahi-mahi (Coryphaena hippurus) tagged with pop-up satellite archival tags.

[image: Table 1]
Due to the sensitivity of mahi-mahi to angling and handling we used an onboard recovery tank (Stieglitz et al., 2017) to allow tagged fish to recover without the threat of predation. In most cases, tagging took place on fishing vessels equipped with a small (1,250 L) or large (5,000 L) recovery tank, although four fish were released immediately following tagging when either the size of the vessel did not permit a recovery tank or time constraints did not allow for recovery. Where recovery tanks were used, fish were introduced to the recovery tank immediately following tagging. Following the recovery period, mahi-mahi were again herded into the sling and released boat-side. Where we were unable to use a recovery tank, tagged mahi-mahi were released boat side from the sling immediately following tagging.

The large recovery tank enabled longer recovery times than the small recovery tank. Mahi-mahi were recovered (mean recovery time for small tank = 1 h 15 min ± 28 min, mean recovery time for large tank = 24 h 48 min ± 2 h 14 min) and released in close proximity to where they were captured. The small recovery tank was oxygenated and was constantly flushed with flow-through seawater. The larger recovery tank was oxygenated and was monitored every 30 min for temperature and salinity (WTW 3310 meter connected to a TetraCon 325 probe, Xylem Analytics, Germany), dissolved oxygen (ProODO optical probe, YSI, Inc., Yellow Springs, OH, United States), pH (Hach H160 meter, Loveland, CO, United States, attached to a Radiometer PHM201 electrode, Copenhagen, Denmark), and ammonia (a micromodified colorimetric assay with indophenol blue) and was maintained on an alternating schedule of 4 h static followed by 1 h of flushing with surface water (mean values: temperature = 29.5°C, pH 8.05, dissolved oxygen = 10.4 mgL–1, salinity = 36.5 ppt, ammonia = 19.97 μmolL–1).



Data Analysis

All analyses were conducted using R software v4.0.3 (R Foundation for Statistical Computing, 2020) with the package tidyverse 1.3.0 (Wickham, 2017), for data management and graphics.


Detection of in situ Spawning Events: Classification Algorithms, Cross-Validation, and Model Assessment

In order to predict probabilities of spawning events in wild mahi-mahi, we used known spawning events observed in wild-caught mahi-mahi in the University of Miami Experimental Hatchery (the controlled environment) in combination with summarized acceleration data to build sex-specific predictive spawning models. We applied a model-averaging (or ensemble modeling) approach by combing predictions from Boosted Regression Trees (BRT; Elith et al., 2008; R package gbm 2.1.8, Greenwell et al., 2018) and Random Forest (RF; Breiman, 2001; R package randomForest 4.6.14, Liaw and Wiener, 2002) models.

The prediction of spawning events in the wild from transmitted acceleration data is entirely novel; however, there were two challenges with these predictions. First, the data were highly imbalanced between the spawning events (the minority class) and non-spawning events (the majority class). Second, the dataset from captive fish was derived from a controlled environment and then used in models to predict spawning events in wild fish, in situ. Thus, robustly evaluating model performance was crucial (He and Garcia, 2009). For each classification algorithm (BRT and RF) and sex, we conducted a leave-one-out cross-validation (LOOCV). For each iteration of the LOOCV we randomly selected 70% of both the spawning events and non-spawning events for the training set and kept the remaining 30% of the spawning and non-spawning events for the validation set. We further applied four treatments to the training set (i.e., the 70% of the captive mahi-mahi data randomly selected) to compensate for the imbalanced nature of the dataset: (1) raw: 70% of the data was randomly selected and used to train the submodel; (2) downsampling: the majority class (non-spawning events) was downsampled by 50%; (3) oversampling: the minority class (spawning events) was randomly oversampled by 150%; and (4) synthetic minority over-sampling technique (SMOTE): a 1:3 spawning:non-spawning ratio was generated with the SMOTE method (Chawla et al., 2002, R package DMwR 0.4.1, Torgo, 2016). This ensured sufficient spawning events were selected to train the submodel in each iteration of the cross validation. No treatment was applied to the 30% of the data used for validating the submodels in each iteration.

The classification submodel was then trained to predict spawning events observed in captive mahi-mahi. The BRT submodel was trained with the time fish spent in a low-activity state and the count of acceleration events during the spawning events, the changes in these summarized movement parameters three, two, and one time step(s) before spawning events, and the changes in summarized movement parameters one and two time step(s) after spawning events. Additionally, the anomaly of time spent in a low-activity state compared to the mean for each fish, the anomaly of acceleration events compared to the mean for each fish, the ratio of time in a low-activity state to acceleration events, the ratio of acceleration events to time in a low-activity state, the time since sunset at the time of spawning, and the moon illumination at the time of spawning were included in the BRT submodel.

The number of trees was fixed to 10,000 to allow systematic convergence and, given the high number of variables used as predictors, the interaction depth was set to one. To allow higher variability among algorithms, the RF models were trained with fewer predictors (the time in a low-activity state and the count of acceleration events during the spawning events, the change in percent time in a low-activity state and counts of acceleration events one time step before the spawning events, the change in percent time in a low-activity state and counts of acceleration events one and two time step(s) after the spawning event, the time since sunset and the moon illumination). At the end of each iteration of the LOOCV, the trained submodel was used to predict the validation subset. Then, receiver operating characteristic (ROC) curves (Fawcett, 2006; R package pROC 1.16.2, Robin et al., 2011) were computed and used to objectively estimate the probability threshold above which events should be considered as true (i.e., predicted spawning events) and the standard performance metrics were computed (area under the curve, accuracy (modified for imbalanced datasets), specificity, recall, precision, and F1-score). The submodel was finally used to predict spawning events in the in situ dataset, and the submodel’s performance metrics and predictions were assessed.

The goal of this research was to detect the most-likely spawning events in situ without the necessity of recapturing PSATs. Therefore, once all submodels were trained and used to predict the spawning events in wild fish for each classification method and sex, we selected the iteration that maximized the recall, the proportion of true positives (i.e., the most-likely spawning events) detected by the models. The oversampling + downsampling treatment of the training set had a mean recall of 0.85. We then computed the predicted probability of spawning for each fish for each 2-h time period in the wild as the weighted mean of the predicted probabilities from each iteration, using the recall of the submodels as the weighting function. This approach enabled us to give more weight to the predictions of the submodels that had the highest recall.



Model Averaging to Detect in situ Spawning Events in Male Mahi-Mahi

For male mahi-mahi, there was a strong correlation in the predicted probabilities of spawning from both BRT and RF models (F1–903 = 892.5, R2adj = 0.497, p < 2.2 × 10–16; Figure 2A). Here, the model-averaged spawning probabilities range from min = 0 to max = 0.66, with a mean 0.14, a median of 0.056 and a quantile 75% of 0.14.


[image: image]

FIGURE 2. Distributions of predicted spawning probabilities in male mahi-mahi (Coryphaena hippurus). (A) Relationship between the spawning probabilities predicted from the Boosted Regression Tree models (x-axis) and from the Random Forest models (y-axis). (B) Histograms of spawning probability and thresholds used to define predicted spawning events in situ for the Atlantic region (plain line: th = 0.5). (C) Same as panel (B) for the Gulf of Mexico (dashed line: th = 0.3).


The threshold to assign spawning events was set to 0.5 for males in the Atlantic region (Figure 2B). With this approach, events that had an average probability of over 50% from both methods were considered likely spawning events. In the Gulf of Mexico, where only two male fish were tagged, a lower threshold was selected as no event reached a 50% model-averaged probability. We thus chose a threshold of 30% for males in the Gulf of Mexico as that approach selected the few events with the highest probabilities that appear separated from the core of the distribution (Figure 2C), while still remaining higher than the threshold from the submodels (0.023 for BRT and 0.16 for RF).



Model Averaging to Detect in situ Spawning Events in Female Mahi-Mahi

For wild female mahi-mahi, discrepancies in the high probabilities of spawning events from the two classification algorithms (RF and BRT, F1–1780 = 169.8, R2adj = 0.09, p < 2.2 × 10–16; Figure 3A) led to relatively low probabilities of spawning events after model averaging (spawning probabilities ranging from min = 0 to max = 0.32, with a mean of 0.035, a median of 0.023 and a quantile 75% of 0.046).
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FIGURE 3. Distributions of the predicted spawning probabilities in wild female mahi-mahi (Coryphaena hippurus). (A) Relationship between the spawning probabilities predicted from the Boosted Regression Tree models (x-axis) and from the Random Forest models (y-axis). (B) The three thresholds of spawning probability used to define predicted spawning events in female mahi-mahi in situ using our model averaging approach (dotted line: th = 0.16, plain line: th = 0.2, dashed line: th = 0.25). (C) Relationship between the mean depth of the predicted in situ spawning probability, colored by the three thresholds selected. The relationship is weak but significant (R2adj = 0.021, F = 40.1, p = 3.04e-10).


To define a threshold above which events would be considered spawning events, we tested three thresholds (th = 0.25, 0.2, and 0.161) and estimated the sensitivity of the results. The highest threshold was chosen to correspond to a spawning probability over 50% in each predictive model, the 0.2 threshold corresponds to a spawning probability over 45% in each model, and the 0.16 threshold represents a spawning probability over 40% in each model (Figure 3B). Each of these thresholds is above the mean cut-point generated by the ROC curve for each method (0.015 for BRT and 0.14 for RF). This allowed a focus on the most-likely events among the predicted spawns, an approach which decreased the rate of false positives. Decreasing the threshold from 0.25 to 0.2 and then to 0.16 increased the number of predicted spawning events to 3, 8, and 21, respectively.

The choice of threshold had little effect on the predicted spawning mean depth of wild female mahi-mahi. With th = 0.25, the mean depth for non-spawning events was 7.95 and 17.5 m for predicted spawning events; at th = 0.2, the mean depth for non-spawning events was 7.77 and was 25.1 m for spawning events; and for th = 0.16, the predicted mean non-spawning depth was 7.67 and 18.7 m for predicted spawning events. Even with the variability among thresholds, each threshold demonstrated a systematically deeper mean depth for predicted spawning events compared to predicted non-spawning events. The relatively deep predicted spawning depth with th = 0.2 is due to two events of high spawning probabilities that occurred between 80 and 100 m depth (Figure 3C). Our data show that mahi-mahi rarely make such deep excursions, making it unlikely that spawning occurred at those depths. Omitting these two predicted events classified with th = 0.2 drives the predicting non-spawning depth to 7.89 m and the predicted spawning depth to 17.1 m which is highly comparable to the other thresholds. This suggests that over this range of th values, the threshold has a limited influence on the predicted spawning depth. In each case, the mean predicted spawning depth was significatively deeper, or approached a significant difference, than the mean nighttime depth (Wilcoxon test, th = 0.25, W = 4812, p = 0.01; th = 0.2, W = 10,543, p = 0.012; th = 0.16, W = 22,198, p = 0.079). For our analysis, we chose the intermediate threshold th = 0.2 because it corresponded to the upper tail of the probability distribution and enabled a reduction in the risk of false positives while not discarding likely spawning events (Figures 3B,C).



Analysis of Activity, Depth, Temperature, and Light Data

Depth and light level data were examined to determine when PSATs detached from mahi-mahi or when predation events occurred. Predation events were identified by continued changes in depth and temperature with concomitant cessation of light data, together indicating the tag had been swallowed. Premature PSAT detachment was identified when no changes in depth were evident for extended periods, indicating that the tag was floating at the surface. TrackIt, a state-space Kalman filter model was used to estimate twice-daily positions for each mahi-mahi using transmitted light data collected at sunrise and sunset and SST measured by the tag at sunrise and sunset and by National Oceanic and Atmospheric Administration satellite data (Lam et al., 2010). To refine tracks from two mahi-mahi that had estimated positions that fell on land, a proprietary software from the tag manufacturer was used for alternate location estimates using the transmitted light-level data (WC-GPE v.201805, Wildlife Computers). Additionally, results from the WC-GPE software were used to calculate minimum travel for each fish’s deployment period as well as the daily minimum travel distance.

To consider whether possible stress effects from tagging and handling were biasing temperature, depth, or activity results we sequentially left out the initial 1, 2, 3, 5, and 7 days of data post-release, and examined model consistency. Each of the most parsimonious models for depth, temperature, and high activity periods were assessed with the full dataset as well as with the various timepoints withheld from the data.

Linear models to predict temperature, depth, and activity used individual fish as a random effect (R package lme4 1.1, Bates et al., 2015). Assignment of diel period (e.g., day or night) for linear models was assigned using each fish’s estimated daily locations and local sunrise and sunset for those locations (R package RchivalTag, Bauer, 2020). Akaike’s Information Criterion (AIC; Akaike, 1973; Burnham and Anderson, 2002) was used to discriminate among competing formulations when multiple linear models were considered. P-values for explanatory variables were calculated using an analysis of variance to compare a model with only an intercept and the random effects to models with each individual explanatory variable as well as the random effects (α = 0.05). Where noted, errors are reported as plus or minus one standard deviation.

A linear model was used to assess the role of PSAT-derived SST, the fraction of moon illumination, and whether it was day or night in predicting depths of wild fish. A second linear model was used to predict temperatures that wild fish inhabited using the current location of each fish and day or night period. PSAT-derived SST was calculated daily for each individual fish from the mean temperature measured by the tag every time that the fish was in the top 2 m of the water column. Migratory regions were determined visually from geolocation tracks and represent four different geographic regions that tagged mahi-mahi inhabited in our study. Regions were designated as the Gulf of Mexico (>81°W and >25°N), the southern Gulf Stream (<30°N), mid-Gulf Stream (30°N–35°N), or northern Gulf Stream (>35°N; Figure 1).

Acceleration events frequently exceeded the maximum value within a 2-h period and maximum values were represented more frequently than other counts. Therefore, we defined an activity index where occurrences of the maximum number of acceleration events were considered a period of high activity, while all other counts of acceleration events were considered periods of reduced activity. We used mixed effect logistic regression models to examine the role of PSAT-derived SST, lunar phase, and day or night period in predicting periods of high activity in wild fish. Additionally, we used the same methodology to examine the role of lunar phase and day and night period in captive-tagged fish.





RESULTS


Predicted Spawning and Migrations

Pop-up satellite archival tag deployments on wild mahi-mahi collected 270 days of data from 19 fish at liberty for up to 48-days (Table 1). No major shifts in parameters were observed in models that dropped the first 1, 2, 3, 5, and 7 days of data to examine potential stress effects and therefore the full dataset was used for all models (Figure 4 and Table 2).
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FIGURE 4. Estimated thermal preference of mahi-mahi (Coryphaena hippurus) from linear mixed effect models predicting temperature from geographical region and diel period. Results from the full model as well as models leaving out the first 1, 2, 3, 5, and 7 days of data are shown. Model runs were performed with an increasingly greater number of days of data withheld to assess whether any altered behaviors that might occur after release were influencing the results.



TABLE 2. Fixed effects of full depth, activity, and temperature models for wild mahi-mahi (Coryphaena hippurus) tagged with pop-up satellite archival tags, and iterations leaving out the first 1, 2, 3, 5, and 7 days of data.
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In wild mahi-mahi, predicted spawning occurred at night an average of 7.4 and 6.4 h after local sunset in females and males, respectively (range of 3.0–10.8 h post-sunset in females and 5.2–8.9 h in males). Seven out of nine tagged males and 2 out of 10 female mahi-mahi spawned repeatedly. For all fish that were predicted to have spawned more than once, the period between spawns was highly variable and was between 2 h and 21 days (mean = 2.7 days) in males and between 22 h and 12.5 days (mean = 7.2 days) in females. Overall, predicted spawning occurred most frequently around the new moon phase in the lunar cycle in both males and females.

Mahi-mahi spawning events were predicted at a mean depth of 17.0 ± 19.1 m. In the Atlantic, the probability of spawning increased with depth and spawning events with the highest probabilities occurred at significantly greater depths than the nighttime depths occupied by non-spawning fish (Figure 5). For females, the mean predicted spawning depth (25.1 m) was over 17 m deeper than the mean non-spawning nighttime depth (7.77 m; Wilcoxon, W = 10,543, p = 0.01; Figure 5). For males, the mean expected spawning depth was 13.2 m while their mean expected non-spawning nighttime depth was 5.54 m (Wilcoxon, W = 49, p = 0.03; Figure 5). In contrast, the two male mahi-mahi tagged in the Gulf of Mexico tended to be deeper during predicted non-spawning periods and moved shallower for spawning (mean predicted spawning depth was 14.3 m and mean predicted non-spawning nighttime depth was 32.5 m; Wilcoxon, W = 8636.5, p = 0.003; Figure 5). Although the directional change between expected spawning and non-spawning periods was reversed between males in the Atlantic and Gulf of Mexico, the predicted spawning depths and temperatures were similar between regions.
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FIGURE 5. Relationship between probability of spawning events in the wild and mean depth in female (upper panel) and male (lower panels) mahi-mahi (Coryphaena hippurus). Coloration of points show the different thresholds considered for determining predicted spawning events, with the darkest blue dots representing events with the highest threshold and greatest probability of spawning for each sex and region. In the Atlantic, the linear relationship between the spawning probability and mean depth is significant for males (R2adj = 0.057, t = 49.5, p = 4.22 × 10–12; plain line) and females and shows increased depth at spawning (R2adj = 0.022, t = 40.1, p = 3.05 × 10–1012; plain line), while males in the Gulf of Mexico moved shallower for predicted spawning (R2adj = 0.013, t = 2.62, p = 0.10; dashed line).


Light data collected by PSATs revealed that mahi-mahi tagged in the warmest months (June and September) off the Florida Atlantic coast migrated northwards with the Gulf Stream current traveling a daily minimum distance of up to 107 km d–1 (Table 1). As they reached the Mid-Atlantic Bight and cooler waters, trajectories became more oriented to the east and then the southeast (Figures 1, 6). The majority of predicted spawning events were concentrated off Florida’s Atlantic coast in June, July, and September; however, this also overlaps with the region and time of year that the vast majority of mahi-mahi were at liberty. Nevertheless, mahi-mahi tagged >30 days were predicted to have >60% of their spawning events take place off Florida’s Atlantic coast region despite spending the majority of their time further north. Overall, temperatures between 27.5 and 30°C encompassed all but one predicted spawning event. Three mahi-mahi tagged off Florida’s Atlantic coast in December remained within that region for the duration of tagging and were not predicted to have spawned over a combined 56 days at liberty. The sole predicted spawning event to occur at cooler temperatures took place at the end of February off Florida’s Atlantic coast at 24°C, suggesting that some limited spawning may occur in late winter in the sub-tropics (Figure 6).


[image: image]

FIGURE 6. Spatial distribution of predicted spawning events and individual migratory patterns in female and male mahi-mahi (Coryphaena hippurus) tagged with accelerometer equipped PSATs. The distribution of spawning probabilities with temperature and month is shown for the Gulf of Mexico and Atlantic in the subpanels, with the multi-colored points showing the predicted spawning events.




Relative Activity, Depth, and Temperature of Wild Mahi-Mahi

Summarized acceleration data, in addition to predicting spawning, was also used to classify periods of high and reduced activity. SST, diel period (i.e., daytime or nighttime), and lunar phase significantly affected mahi-mahi activity and depth distributions (Table 3). Across their migrations, mahi-mahi occupied temperatures from 17 to 32°C but spent 95% of their time in water between 25 and 29°C and displayed little variation in median temperature between distinct migratory regions (regional median temperature range = 27.0–27.9°C, overall median temperature = 27.5°C, Figures 7A, 8). To maintain this narrow thermal window, mahi-mahi used behavioral thermoregulation and moved deeper in the water column as SST increased (Figures 8, 9B,C and Table 3). Mahi-mahi were generally surface oriented but occasionally descended as deep as 250 m (Figure 7B), and in regions with the warmest SSTs mahi-mahi were consistently deeper during daytime hours than in regions with cooler SSTs (Figure 8). When the effect of SST was held constant, mahi-mahi were consistently deeper and made more frequent excursions to depth at night than during daylight hours. However, our data show that below 25°C SST fish remained very close to the surface regardless of diel period. Additionally, at nighttime mahi-mahi were closest to the surface during the full moon and moved deeper as moon illumination waned (Figures 9A,C). Activity generally declined with increasing SST and was moderate at ∼27°C (Figures 10B,C and Table 3). Above ∼27°C SST, nighttime activity increased with increasing lunar illumination, while conversely, below that temperature the opposite trend occurred (Figures 10A,C). Similarly, our wild-caught captive-tagged mahi-mahi, held at 27°C and used to build spawning models, increased activity as the full moon approached (Figure 11 and Table 3).


TABLE 3. Parameters of best linear mixed effect models fitted to depth, summarized acceleration activity index, and temperature data collected from 19 wild mahi-mahi (Coryphaena hippurus) released in the Florida Straits and the Gulf of Mexico and five captive mahi-mahi tagged with pop-up satellite archival tags.
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FIGURE 7. Density histogram of the (A) temperature and (B) depth distributions for mahi-mahi (Coryphaena hippurus) tagged with pop-up satellite archival tags and released in the Florida Straits and the Gulf of Mexico. Depth histogram shows only the top 100 m of the water column. Mahi-mahi spent the vast majority of their time in surface waters but periodically explored depths as deep as 250 m and spent 95% of their time in waters from 25 to 29°C.
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FIGURE 8. Depth (A) and temperature (B) distributions of tagged mahi-mahi (Coryphaena hippurus) by region. Median values are represented by the horizontal black lines, the white box represents the interquartile range, the black vertical lines represent the smallest and largest values within 1.5 times the interquartile range above the 75th percentile or below the 25th percentile, and the black circles represent values that fall outside of that range.
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FIGURE 9. (A) Mahi-mahi (Coryphaena hippurus) depth distributions by moon phase and by (B) PSAT-derived SST as well as (C) depth distributions from linear mixed effect models predicting depth from PSAT-derived SST, moon illumination, and diel period. For panels (A,B), median values are represented by horizontal black lines, white boxes represent the interquartile range, black vertical lines represent the smallest and largest values within 1.5 times the interquartile range above the 75th or below the 25th percentile, and black circles represent values that fall outside of that range.
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FIGURE 10. (A) Counts of mahi-mahi (Coryphaena hippurus) high-activity events with moon phase and (B) with PSAT-derived SST as well as (C) activity distributions from mixed effect logistic regression models predicting activity from PSAT-derived SST, moon illumination, and diel period for wild mahi-mahi. For panels (A,B), median values are represented by horizontal black lines, white boxes represent the interquartile range, black vertical lines represent the smallest and largest values within 1.5 times the interquartile range above the 75th or below the 25th percentile, and black circles represent values that fall outside of that range.
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FIGURE 11. (A) Counts of mahi-mahi (Coryphaena hippurus) high-activity events (>0.65798 g) by moon phase and (B) activity distributions from mixed effect logistic regression models predicting activity from moon illumination and diel period in captive mahi-mahi. For panel (A) median values are represented by the horizontal black lines, the white box represents the interquartile range, the black vertical lines represent the smallest and largest values within 1.5 times the interquartile range above the 75th percentile or below the 25th percentile, and the black circles represent values that fall outside of that range. For panel (B) solid lines represent model predictions and shaded gray area represents the 95% confidence interval.





DISCUSSION

Tags in the present study were programmed to pop-up at 96 days; however, retention ranged from less than 1 day up to 48 days. This is a relatively short tag-retention period compared to other pelagic species tagged with PSATs (Lam et al., 2016), but longer than or similar to other studies on mahi-mahi (Merten et al., 2014, 2016; Lin et al., 2019). It is not always possible to discern why PSAT deployments end prematurely, but for nearly three-quarters of our mahi-mahi, including our longest tagged, deployments ended in predation (Table 1). Periods of stress from the tagging process or carrying a PSAT have been suggested for pelagic fishes for 2–6 h after release (Brill et al., 1993); however, relatively short tag retention may also be explained by the high annual natural mortality rate in mahi-mahi in the western central Atlantic (97–99.9%) (Oxenford, 1999). To assess the possibility of stressed behavior influencing our results, we elected to drop the first 1, 2, 3, 5, and 7 days of data from our temperature, depth, and activity models. We observed consistency in model parameters across these iterations which suggests that any stress effects present in our tagging data did not influence our results. In support of this conclusion, tagged and untagged mahi-mahi swimming freely in a shared tank show no difference in survival, overall distance traveled, acceleration, mean velocity, maximum velocity, or feeding success (McGuigan et al., 2021). These results demonstrate that our data can be interpreted with confidence.

Our predicted spawning events in wild mahi-mahi are built solely with the PSAT-summarized acceleration data and are the first of their kind. Spawning events were predicted to occur at night, primarily off the Florida Atlantic coast, at temperatures largely between 27.5 and 30°C, at a distinct depth from the mean nighttime depth distribution, and primarily at the new moon. Predicted spatiotemporal spawning habitat was similar for tagged males and females in our study and estimates of spawning depth for the sexes had overlapping confidence intervals. The variation we observed in both the timing and the depth distributions of predicted spawning events between males and females is likely due to local variation in oceanographic conditions and may be a factor of our relatively small sample size. Despite mahi-mahi in the Gulf of Mexico occupying a deeper distribution during non-spawning periods than in the Atlantic, spawning depths were similar between basins. Starting on the second day of development, mahi-mahi embryos have dynamic control over their buoyancy, and become negatively buoyant after exposure to ultraviolet radiation – a mechanism thought to be a protective adaptation to avoid exposure to this stressor (Pasparakis et al., 2019). Spawning at depth has also been shown to be an adaptive strategy to protect teleost embryos from ultraviolet radiation (Huff et al., 2004), suggesting that the basin-independent spawning depth selected by mahi-mahi may protect embryos from exposure before they are able to modulate their buoyancy.

Mahi-mahi in our study demonstrated daily minimum travel distances as high as 107 kmd–1 and migrated in a seasonal clockwise pattern that has been previously observed in mahi-mahi in the western Atlantic (Oxenford, 1999; Merten et al., 2016). Spawning predictions from our data additionally suggest a strong seasonal pattern and support temporal observations of mahi-mahi larvae that also agree with gonad development of adult mahi-mahi in the western central Atlantic (Gibbs and Collette, 1959; Beardsley, 1967; Oxenford, 1999). The majority of predicted spawning events took place in the summer months in the Gulf Stream off Florida’s coast where oceanographic features concentrate warm high-salinity waters in a tightly confined channel, which may be beneficial for spawning. Although our captive mahi-mahi, and thus our captive acceleration data set, did not experience the full range of stimuli (e.g., live prey and predators) that wild tagged fish encountered, captive spawning events were not defined simply by periods of greater acceleration, but by the relative change in acceleration patterns and include sustained periods of slower swimming that were not observed at other times. Thus, wild prey capture or predator avoidance alone, are unlikely to have resulted in false positives of predicted spawning events in wild mahi-mahi. While false-positive predictions among our collective predicted spawning events in wild mahi-mahi are probable, we are confident that as a whole, our predictions provide useful information on likely spatiotemporal spawning habitat for the species. Accurate spawning predictions are critical for estimating the productivity of species and understanding population connectivity (Lowerre-Barbieri et al., 2017). Applied to other species this approach may provide greater insight into spawning frequency and habitat than had previously been described from traditional methods and could aid in the discovery of new spawning grounds.

Activity indices defined from summarized acceleration data provide insight into the potential foraging strategies and baseline activity of mahi-mahi over a range of SSTs and lunar phases. At the coldest SSTs, mahi-mahi were the closest to the surface and the most active at the new moon, a pattern that mirrors the lunar depth distribution of the deep scattering layer, a group of mesopelagic fishes and plankton (Benoit-Bird et al., 2009), which may be prey for mahi-mahi who are known to feed at the surface (Oxenford and Hunte, 1999). In contrast, during the full moon above ∼27°C SST, mahi-mahi were consistently shallower and more active than at lower levels of lunar illumination, which could suggest that in warm waters mahi-mahi capitalize on lunar illumination for feeding closer to the surface at nighttime.

Daytime depth and activity distributions were also affected by lunar phase, which may indicate that nighttime feeding success or failure translates into daytime hunting strategies and depth distributions. In support of this hypothesis, catch-per-unit-effort data from gamefish tournaments show a significant relationship between daytime mahi-mahi catches and lunar phase, with decreased catch rates at the full moon (Lowry et al., 2007). Mahi-mahi do not have vision specialized for low light conditions but despite this limitation they are known to feed at night (Oxenford and Hunte, 1999). The greater depths mahi-mahi occupy at nighttime (Merten et al., 2014, 2016; Lin et al., 2019) may also be a strategy to avoid predators such as billfish that are surface-oriented (Braun et al., 2015), have excellent nighttime vision, and are formidable predators of mahi-mahi. Overall, mahi-mahi were at the greatest depths at nighttime, at the new moon, and with the warmest SSTs, all conditions that our models suggest are most favorable to spawning, indicating that some of their nighttime depth excursions are likely the result of courtship behaviors and spawning. Altogether, our results show how summarized acceleration data greatly expands the ecological information researchers can glean from PSATs, a critical tool to adequately manage highly migratory, and often emblematic, marine species.

Our data show that mahi-mahi tightly maintain a thermal window of 27–28°C during long-distance migrations by modulating their depth and by constraining their latitudinal movements. Similarly, around 27°C we observed intermediate levels of activity, while activity of wild mahi-mahi declined as SSTs increased. Previous short accelerometer deployments on wild mahi-mahi in the East China Sea also showed fewer periods of high activity in warmer seasons (Furukawa et al., 2011). While the current tag data show that mahi-mahi most commonly experience temperatures from 27 to 28°C, tag data alone do not demonstrate the physiological underpinnings that may influence the selection of a narrow thermal zone. However, laboratory-based physiological experiments conducted with mahi-mahi support our findings and add credence to the thermal window hypothesis (Heuer et al., 2021). In tightly controlled physiological experiments, mahi-mahi have their greatest aerobic scope and critical swim speed (Ucrit) at 28°C. Additionally, mahi-mahi demonstrated significant reductions in Ucrit at temperatures above and below 28°C and significant reductions in aerobic scope at temperatures below 28°C (Heuer et al., 2021). Our data from wild mahi-mahi closely mirror these results and suggest that wild mahi-mahi modulate their depth to select a temperature in the wild that maximizes their physiological performance and at which they have moderate activity levels. The top 75 m of the ocean, where mahi-mahi spend the vast majority of their time, warmed more than 0.1°C per decade in the period from 1971 to 2010 as a result of anthropogenic climate change and will continue to increase in temperature (Hoegh-Gulberg et al., 2014). Therefore, when faced with warming seas, mahi-mahi are expected to expand their range toward higher latitudes (Salvadeo et al., 2020), may be deeper and less active in regions where they are already close to their thermal maxima, and could experience spatiotemporal shifts in spawning patterns.
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Date tagged Sex Fork length (cm) Region tagged Time in recovery Days at liberty Distance traveled Status at
and released tank (h) per day (km) deployment end
2016-09-29 F 83 FLS 1.00 31 90 u
2016-09-29 M 81 FLS 1.27 4 56 u
2016-09-29 F 80 FLS 1.08 48 95 P
2017-07-23 M 99 GOM NR 3 33 P
2017-07-23 M 96 GOM NR 8 72 P
2017-09-28 F 76 FLS 1.67 6 35 u
2017-06-26 F 69 FLS 27.35 33 65 P
2017-06-27 M 71 FLS 25.85 8 62 P
2017-06-27 M 70 FLS 25.67 16 75 =
2017-06-27 F 65 FLS 24.21 8 55 =
2017-06-27 M 119 FLS8 NR 2 24 U
2017-06-27 M 76 FLS 26.60 13 81 P
2017-06-27 M 72 FLS 22.91 30 107 P
2017-06-27 F 72 FLS 21.03 0 NA P
2017-06-28 M 70 FLS NR 1 12 P
2018-02-15 F 77 FLS 218 3 36 P
2018-12-17 F 73 FLS 1.25 16 53 P
2018-12-17 F 84 FLS 1.15 1 4 P
2018-12-17 F 74 FLS 0.52 39 33 u

FLS = Florida Straits, GOM = Gulf of Mexico, NR = Not recovered, U = Final status unknown, P = Data ends with a predation event.
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Response variable Fixed effects: Fixed effects: Fixed effects: Fixed effects: Fixed effects: Fixed effects:

full leave out 1 leave out leave out leave out leave out
day 2 days 3 days 5 days 7 days
Depth SST 0.96 1.10 0.92 0.25 0.14 0.29
Daytime —20.55 —25.35 —20.52 1.65 11.97 7.86
Moon fraction 51.57 39.72 22.62 6.22 15.94 13.23
SST x daytime —20.51 —25.34 —20.51 1.76 12.49 8.40
SST x moon fraction 54.65 42.48 24.51 6.75 16.75 14.14
Daytime x moon fraction 33.64 18.00 4.78 8.22 28.28 22.71
Activity Moon fraction 2.33249 2.28639 1.98087 1.1943 —0.20949 0.07684
SST 0.52586 0.51797 0.46774 0.34 0.2814 0.43954
Daytime 0.32598 0.29756 0.2224 —0.05194 —0.50931 —0.53322
Moon fraction x SST 1.21553 1.20269 1.01845 0.58382 —0.09966 0.3192
Moon fraction x daytime 2.07123 1.9687 1.58553 0.35682 —1.84979 —1.87223
SST x daytime 0.21697 0.20362 0.10453 —0.09685 —0.25347 —0.02368
Temperature Current region —4.41388 —0.86115 —0.87018 1.00765 1.14374 1.29131
Daytime —0.5026 —4.35717 —4.2971 1.85496 2.33043 2.47658
Current region x daytime —4.33252 —4.10449 —4.00493 1.26101 1.70619 1.79425

Fixed effects of model parameters were fairly robust to leaving out increasing days of data. This step was taken to examine if stressed behavior for some unknown period
of time following release may have influenced the results of models. From these data we concluded that if stressed behavior occurred it was not sufficient to affect the
patterns of model estimates.
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Response variable

Wild mahi-mahi depth

Wild mahi-mahi activity index

Captive mahi-mahi activity index

Wild mahi-mahi temperature

Explanatory variable(s)

SST

Daytime

Moon fraction

SST x daytime

SST x moon fraction
Daytime x moon fraction
SST

Daytime

Moon fraction

SST x daytime

SST x moon fraction
Daytime x moon fraction
Moon fraction

daytime

Moon fraction x daytime
Current region

Daytime

Current region x daytime

Sum of squares

279,907
441,172
63,158
68,846
66,093
44,744
957.75
419.09
292.03
933.22
2,090.44
27.48
27.46
7.86
3.24
35,164
201
183

Mean square error

279,907
441,172
63,158
68,846
66,093
44,744
957.75
419.09
292.03
933.22
2,090.44
27.48
27.46
7.86
3.24
11,721.2
201.3
61

F-value

1,742.95
2,747.12
393.28
428.69
411.65
278.61
957.753
419.089
292.033
933.22
2,090.44
27.483
27.46
7.86
3.24

12,642.733

217.145
65.846

p-value

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.01

<0.0001
<0.0001

P-values were calculated for individual explanatory variables by performing an analysis of variance for a model with just an intercept and a model with the particular
parameter. SST = sea surface temperature collected by tagged fish, daytime = day or night period, moon fraction = fraction of the full moon.
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