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Southern sea otters (Enhydra lutris nereis) are currently >80% depleted with respect to both abundance and range occupancy baselines, challenging the long-term persistence of the species and the ecosystem benefits their populations might provide. From 2001 to 2018, the Monterey Bay Aquarium rescued stranded sea otter pups and reared them in captivity through a surrogacy program using non-releasable adult females. We gave 11,396 days of captive care to 56 otters, reintroduced them into the wild, and observed them over 894 total field days after release. This study describes the post-release movements of the 42 successfully released otters, quantifying their dispersal patterns and modeling environmental, demographic, and animal care influences through a machine learning framework. This random forest model specifically considers predictor variable correlation, accounts for individual and joint variable impacts, and evaluates robustness through sensitivity analyses. Heavy tailed dispersal models best explained the (n = 641) daily movements of surrogate-reared otters, and the random forest outputs ranked population demography, population growth, and El Niño most significantly. Occasionally aided by recaptures, the scale of dispersals consistently declined after release, indicating successfully released otters stabilized their movements within 3 weeks in the wild. Our results show dispersal is an important metric for measuring the success of sea otter releases and suggest environmental factors (including climate) at release sites may determine the success of reintroduction programs.
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INTRODUCTION

Overexploitation during the international fur trade nearly drove the southern sea otter (Enhydra lutris nereis) to extinction in California. Hunting shrunk the population 99.8% from a statewide distribution estimated at 16,000 individuals to a single location with less than 50 otters, circa 1930 (Laidre et al., 2001; Kittinger et al., 2015). As a result of conservation management, the population has now rebounded to 2,962 individuals (Hatfield et al., 2019). While this observed recovery is encouraging, the population remains well below historical baselines. Sea otters today are estimated at <19% of their historical abundance in California, and population growth has slowed in recent years (Tinker and Hatfield, 2017; Hatfield et al., 2019). The population is now constrained to 15% of its historical range, with no significant expansion in the last 20 years (USFWS, 2015; Nicholson et al., 2018). In contrast, from 1960 to 2011 the sea otter population in southeast Alaska, though exposed to different geographic constraints to population growth, increased from 400 to 25,584 individuals (Tinker et al., 2019).

Southern sea otters are currently listed as “threatened” under the U.S. Endangered Species Act (USFWS, 2003). Risks to the continued recovery of this species stem primarily from its constrained distribution, which makes the population highly vulnerable to acute events (e.g., oil spills; USFWS, 2003) and limits the population to the carrying capacity of relatively few habitats (Tinker et al., 2013; Tinker and Hatfield, 2017). Kelp forests at the range peripheries are comparably sparse to the range center (Nicholson et al., 2018), and mortalities in these regions are dominated by white shark bites (Moxley et al., 2019). These mortalities disproportionately impact juveniles and males (Moxley et al., 2019), the demographic that typically pioneers range expansion (Lafferty and Tinker, 2014). Though the population has increased in the past, these range peripheries are losing otters (Tinker and Hatfield, 2018), and the population has declined each of the past 3 years (Hatfield et al., 2019). With limited resources throughout the range center (Tinker et al., 2008; Tinker et al., 2013), increased shark bite mortalities at the range peripheries (Tinker et al., 2016; Moxley et al., 2019), and the ongoing threats from disease, management interventions have been suggested to achieve the recovery goals defined in the federal species recovery plan (USFWS, 2003). Such interventions (e.g., reintroductions) are timely as El Niño events and a persistent marine heatwave (Di Lorenzo and Mantua, 2016) have drastically altered coastal California ecosystems and reduced kelp forest ecosystems to historical lows (Burt et al., 2018; Nicholson et al., 2018).

The Monterey Bay Aquarium (“MBA”) began rehabilitating stranded southern sea otter pups in 1984. Stranding of newborn pups occurs as a result of premature separation from the mother, though pups often strand with minimal or no injury to themselves. Consequently, orphaned pups present good candidates for reintroduction, but require prolonged captive rearing. In 2001, MBA transitioned from human-rearing to raising stranded pups using resident adult females as surrogate mothers, thus reducing exposure to humans and leading to improved reintroduction success into wild habitats (Nicholson et al., 2007; Mayer et al., 2020). Throughout the duration of this surrogacy program, captive-reared pups have been released in the greater Monterey Bay region, either in giant kelp (Macrocystis pyrifera) forests around the Monterey peninsula or more frequently in an eelgrass (Zostera marina) estuary in Elkhorn Slough. Both ecosystems are within the center of the population’s current distribution (Nicholson et al., 2018).

As a result of reintroductions, sea otter population densities in Elkhorn Slough increased and the small, local population began reproducing (Mayer et al., 2020). While these changes are viewed as positive for the larger objective of sea otter population recovery and for ecosystem restoration, sea otter foraging efficiency and prey size have decreased in this local population (Tinker and Hatfield, 2018). This has fed management concerns that Elkhorn Slough may be near capacity, and as a result, the reintroduction program is now focused on other estuary ecosystems with low-density populations. During this period, overall ecosystem health has improved in Elkhorn Slough, particularly the extent and abundance of eelgrass and water quality (Hughes et al., 2013). Sea otters are widely noted for their keystone role in kelp forests and other coastal habitats by controlling grazer populations (Estes and Palmisano, 1974; Estes and Duggins, 1995; Moxley et al., 2019) and appear to impact eelgrass communities by reducing the negative impacts of agricultural nutrient loading via initiating trophic cascades within the system (Hughes et al., 2013). Such ecosystem effects recursively improve degraded sea otter habitats which may aid in reestablishing and repopulating currently unoccupied habitats outside the current population range (Pace et al., 1999; Nicholson et al., 2018).

For sea otter reintroductions to achieve local ecosystem impacts, released animals must survive the transition from captivity to the wild (Rathbun et al., 2000; Tweed et al., 2003; van Heezik et al., 2009; Van Houtan et al., 2009). The early phase of this transition, when ecologically naïve individuals first experience novel surroundings, is often characterized by sporadic and long-distance movements. These long-distance movements may jeopardize survival by increasing metabolic demands, accelerating weight loss, intensifying risk of fatal white shark bites, and detracting from opportunities to forage, groom, or socialize at the release site (Zollner and Lima, 2005; Yeates et al., 2007; Moxley et al., 2019; Mayer et al., 2020). From a practical perspective, these movements also impede monitoring, and sometimes necessary intervention by researchers, which are both critical for evaluating and improving program success (Le Gouar et al., 2008; van Heezik et al., 2009; Adimey et al., 2016; Mayer et al., 2020). Although most individuals (34/42, 81%) who successfully transition to the wild also settle near release sites (<10 km), identifying factors that influence initial post-release movements are important to advance the efficiency and effectiveness of reintroduction programs. Understanding initial dispersal drivers may in turn aid management goals targeted at southern sea otter population recovery and restore degraded coastal ecosystems throughout the species historical range.



MATERIALS AND METHODS


Sea Otter Stranding, Surrogacy, and Post-release Tracking

From 2001 to 2018, MBA staff responded to live sea otter strandings along the California coast. For the subset of cases involving dependent pups (<9 weeks old sensu Nicholson et al., 2020), MBA staff first attempted to reunite pups with their biological mothers. If this was unsuccessful, the pups were brought to MBA, assessed by a veterinarian and treated for hypothermia, dehydration, hypoglycemia, or other conditions. After several weeks of intensive care, at 8–10 weeks of age, we introduced each pup to a resident adult female sea otter to bond with and rear as her own (Nicholson et al., 2007). At 6–8 months of age, after weaning from the adoptive mother and demonstrating proficient foraging behaviors, we fitted surrogate-reared otters with color-coded flipper tags (Temple Tags, cattle ear tags) and implanted VHF radio transmitters (Advanced Telemetry Systems, model no. MM510B). Following several weeks of post-surgery supervision, we released surrogate-reared otters in Elkhorn Slough (n = 36; 2002–2017) or around the Monterey peninsula (n = 6; 2017–2018).

MBA staff and volunteers conducted daily surveys to monitor otters during the first month after release. We searched for otters from land and by boat, using VHF radio receivers (Communications Specialists Inc., R1000) with handheld directional antennae (AF Antronics, three-element folding Yagi). If unable to readily locate, a pilot (Ecoscan Resource Data) flew aerial surveys, applying a search pattern specific to an individual otter’s last known location and behavior. Once located, observers recorded the otter’s coordinates on a tablet computer and later transferred the information to a relational database. Trackers then closely monitored foraging and resting behavior to assess whether the individual was successfully transitioning to the wild (Fujii et al., in preparation), as sea otter metabolism demands productive foraging and ample rest (Ralls and Siniff, 1990; Thometz et al., 2014), unsuccessful foraging can rapidly deplete energy reserves and lead to starvation (Nicholson et al., 2018). Using spotting scopes and binoculars, observers documented distance traveled, activity budgets, prey composition, and body condition. Individuals struggling to adapt to their surroundings and exhibiting signs of stress post release (Nicholson et al., 2007) were recaptured, rehabilitated at MBA, and later re-released. A release was considered successful if after 2 weeks of monitoring, the otter was observed successfully foraging, maintaining body mass, appropriately avoiding humans, and not exhibiting overt stress behaviors.

We analyzed tracks from 42 otters reared by surrogate mothers at MBA, released, and successfully incorporated into the wild population (Nicholson et al., 2007; Mayer et al., 2020). An additional 14 otters passed through the MBA surrogacy program, and had unsuccessful releases (75% success rate, 42/56 otters); the fate of these otters included mortality (n = 9), disappearance offshore (n = 4), or transfer to accredited Association of Zoos and Aquariums facility for permanent residency (n = 1), following an “un-releasable” determination by the United States Fish & Wildlife Service (“USFWS”). Causes of mortality included starvation, disease, or wounds from other otters. For these unsuccessful releases, we had insufficient movement data (too few locations) to properly fit dispersal kernels, and therefore excluded them from our analysis.



Least Cost Paths and Dispersal Kernels

From tracking data, we calculated least cost path (“LCP”) distance between sightings spanning a 24-h period (n = 481) to generate an estimate of a sea otter’s daily distances traveled. When hampered by poor weather or other logistical challenges, we supplemented daily resights with LCP measurements representing >24-h intervals (n = 85, 13%). We also included resights with greater time spans near the end of monitoring (n = 75, 12%) after individuals had settled within a geographic area. To prevent direct as-the-crow-flies travel over land, we generated transition matrices from bathymetry and topographic data (Weatherall et al., 2015) to constrain paths to cells with <1 meter elevation. As a large portion of the area monitored during this study was within a coastal estuary, this routine accommodated the frequent intertidal habitat use that we observed. When subsequent resights were within the same 100 m transition matrix cell (4.7% resights, 30/641), we calculated a straight-line distance. All transition matrices and LCP distances were calculated using the R packages “gdistance” (Van Etten, 2017), and “raster” (Hijmans, 2017). The output from this model consisted of a chronological series of cell centroid locations and distance calculations along that path.

LCPs between consecutive sightings (day 1–2, 2–3, 3–4… n–n + 1) described daily movements which we formally analyze using dispersal kernels. For visual inspection, we plotted histograms of the daily LCP travel distances for each otter. Noticing many of the movement histograms appeared to be statistically “heavy tailed” (Atkinson et al., 2002; Reynolds and Frye, 2007; Van Houtan et al., 2007), we used the “fitdistr” function in the “MASS” package (Venables and Ripley, 2002; Ripley et al., 2020) to fit Cauchy models to the movement data for each individual. The Cauchy model is a special case of the log-Sech function (Van Houtan et al., 2007; Nathan et al., 2012) and uniquely and practically captures both near and far movements. Following previous approaches (Van Houtan et al., 2007, 2010) we also fit each otter’s movement data to Rayleigh and Gamma dispersal kernels, using the log-likelihood (LL) functions to perform maximum likelihood estimation. The corrected Akaike Information Criterion for small populations (“AICc,” Hurvich and Tsai, 1989) ranked the performance of the Cauchy, Gamma, and Rayleigh kernels facilitated by the best-fit LLs of each function.

Though movement data represent a univariate quantity (travel distance), they are derived from the bivariate coordinate (x, y) data obtained from resight locations. Therefore, the various dispersal kernels compared here represent different mechanistic families or types of two-dimensional spatial movements. The Rayleigh distribution represents Gaussian movements approximating a random walk, the Gamma distribution describes directional movement (akin to a negative exponential), where the Cauchy distribution describes a combination of short-distance or localized, as well as, long-distance movements sometimes referred to as “Lévy-flight” (Van Houtan et al., 2007, 2010). Due to its performance (see below) we extracted the scale parameter from the best-fit Cauchy model describing each individual’s post-release movements as a standardized metric to compare the initial dispersal behavior of all otters.



Modeling Drivers of Post-release Dispersal

To understand post-release movements over the study, we fit a locally weighted regression (“LOESS”) (Cleveland et al., 1988) to individual scale parameters across time. Besides being widely applied to describe non-parametric and non-linear ecological trends, the LOESS approach has value here to capture trends that may integrate environmental phenomena over time (e.g., Gagné et al., 2018b). During visual inspection, we chose a loess span of 0.6, which represented longer-term trends in dispersal without over-smoothing. Next, we selected several demographic, animal care, and environmental (including population) variables to model as drivers of post-release dispersal, defined by raw and LOESS Cauchy scale parameters. We describe below our suite of predictors and process for building and evaluating performance of our final model.

Morphometric and demographic data included individual otter body condition (ln-length/ln-weight) before release (Monson et al., 2000; Laidre et al., 2006), age at stranding, age at release, and sex. Animal care variables include number of days in the surrogacy program (release date minus stranding date), stranding and release locations, release date, surrogate mother, percent diet composed of live prey (<30 days prior to release), and the number of recaptures before successful release.

We accessed several relevant environmental variables derived using sea surface temperature (“SST”) from 2002 to 2018. We calculated the SST daily mean of hourly observations from NOAA Station #EVMC1 and #46042, located at Elkhorn Slough (36.811 N, 121.779 W) and in Monterey Bay (36.785 N, 122.398 W), respectively. Monthly El Niño conditions were described by the rank order of the multivariate ENSO index (“MEI”; Wolter and Timlin, 1993) time series. We also examined the monthly Pacific Decadal Oscillation index (“PDO”; Mantua and Hare, 2002). These metrics are established indices that characterize both regional ocean conditions and ecosystem state (Dayton and Tegner, 1990; Edwards, 2004; Lluch-Belda et al., 2005). We consider them as high resolution indicators of habitat and prey abundance not available locally. Furthermore, though particular sites within Elkhorn Slough may vary from reported values, and as released otters used habitats throughout Monterey Bay (Lindsey, 2016; see Supplementary Figure S1), these stations serve to summarize the local conditions as best as possible. Consistent with Cauchy scale smoothing, we fit a LOESS (span 0.6) to each time series and extracted the predicted values to represent longer-term environmental trends or cycles in prey resources. We added daily wind speed (Breed et al., 2017) and wave height (NOAA Station 46042, Monterey Bay, 36.785°N 122.398°W) to the model, but ultimately excluded them as they decreased model performance (see Supplementary Figure S4).

In addition to climatic variables, we include three population metrics derived from annual, range wide monitoring of the sea otter population. From these data, we used the population density, pup ratio (or the proportion of pups in the population), and 5-year trend statistics, corresponding to the year and specific location where each individual was released. Nearshore locations correspond to linear 500 m shoreline segments along the 5-fathom depth contour (extending seaward from 0 to 30 m depth). An inshore segment is separately and specifically defined for Elkhorn Slough. For the Monterey Peninsula, we calculated the mean parameter values across its shoreline segments to provide a single metric for this location. As per the standard indexing method for these data (Hatfield et al., 2019), annual sea otter counts within segments are smoothed as a 3-year average spatially across 10 km (equal to 21, 500 m bins). These smoothed counts are used to calculate population statistics within each discrete segment. We estimate the population trend by fitting a log-linear model to a 5-year time series at each 500 m segment or location (Hatfield et al., 2019). For missing data resulting from an incomplete survey in 2011, we interpolated population density and growth estimates by calculating the mean between nearest neighbor years (2010 and 2012).

Following similar studies that rank the influence of multiple potential drivers to the ecology of marine organisms (Gagné et al., 2018a,b; Becker et al., 2019), we used random forest models (“RF”; Liaw and Wiener, 2002) to test the effects of individual demographics, surrogacy practices, and environmental conditions on the dispersal of immature sea otters during their first month after release. Among machine learning algorithms, RF is well designed to describe the non-linear forms that are common in ecological data (Breiman, 2001; Hastie et al., 2009). Specifically, the entire forest generates robust predictions from an ensemble of diversified and uncorrelated trees, each considering a random subset of features and bootstrap samples of training data assembled with replacement. As the forest grows, it provides an internal unbiased estimate of the generalized error, variable importance rank, and information necessary to explore modeled feature interactions (Breiman, 2001).

Initially, we built two models with all 18 variables, using leave-one-out cross validations (“LOOCV”) to assess model sensitivity (Gagné et al., 2018a,b; Becker et al., 2019) and examine variable importance, derived from their impact to mean squared error (“MSE”) when removed (see Supplementary Figure S3). To improve model performance, we eliminated highly correlated variables (r ≥ 0.6, Wei and Simko, 2017), tuned model parameters (“mtry” and “ntree”) using a simple grid search routine with our LOOCV analysis, selected the smoothed LOESS Cauchy scale parameter as our dispersal response, and ran a second RF series incorporating only the 3 variables that reduced overall MSE (see Supplementary Figure S3). We then used partial dependency plots to examine the interactive effects of the remaining variables on sea otter dispersal. To consider uncertainty in our fitted cauchy scale parameter, we examined model performance and factor rank effects from 100 different estimates for each individual. We derived these estimates by randomly sampling from a normal distribution defined by each otter’s scale parameter and sd, then calculating the smoothed value from each iteration’s ensemble. All analyses were conducted in version 4.0.0 of the R statistical environment (R Core Team, 2018).

Lastly, we conducted a simple post hoc analysis of how time in the wild influenced the movements of released otters. Instead of comparing movements among individuals, as described above, here we categorize daily movements of all released otters (n = 42), according to their time in the wild (1, 2, 3… n days). We then fit Cauchy models to the dispersal data for each of these days post release, for otters that were released only once (n = 24), and separately for otters requiring intervention (recaptured, given further rehabilitation, and then released, n = 18). As above, we extract the scale parameter from the best-fit Cauchy model and plot the values against the time since release (or cumulative total number of days) in the wild.




RESULTS


Post-release Tracking and Dispersal

LCP segments between daily resights show distances traveled, both within and between individuals, are statistically heavy tailed (Figure 1A). For example, otters #228 and #526 were both released in Elkhorn Slough. Otter #526 only made local movements (scale = 0.17) and ultimately took up residency in the Slough, traveling a cumulative 13 km over 11 days. Otter #228 emigrated from the Slough and settled near Año Nuevo Island (scale = 1.6), traveling a total 72 km over 10 days (Figure 1B). The Cauchy dispersal model fit the LCP distances best, achieving the lowest AICc ranking in 31 of 42 individuals (74%) and having an average δAICc value of 2.1 (see Supplementary Table S1). By comparison, the Gamma function had an average δAICc of 22, and the Rayleigh average δAICc equaled 487. As a result, we extracted the Cauchy model scale parameters as a standard metric to describe dispersal for each otter. The scale parameter ranged from 0.1 to 6.2 (Figure 1A), with the LOESS model indicating a pattern of greater values, and therefore more long-distance and sporadic post-release movements, both early and late in the study (Figure 1C). Table 1 presents summary statistics of all the raw results and dispersal model fits. Supplementary Figure S1 maps the travel paths for all otters, beyond what is displayed in Figure 1B.
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FIGURE 1. Surrogate-reared sea otters often moved long distances after release, especially in early and recent years. (A) Probability models fit to the dispersal frequency for 42 sea otters that were surrogate reared and then released into the wild. Movements reflect the least cost path (“LCP”) distance between observed daily resight locations, in the first month after release. Identification number and scale parameter from the best-fit Cauchy model (solid line) are labeled in each panel. This parameter is higher in animals that move greater distances. (B) Inferred daily travel routes for otters #228, #238, and #536 in Monterey Bay after their release in Elkhorn Slough estuary (filled circle). Path colors correspond to individual panels in (A), with isobaths provided. (C) Extracted scale parameter from each otter shows a pattern from 2005 to 2015 of short-distance movements, generally reflecting post-release residency in Elkhorn Slough. Black circles represent individual scale parameters (n = 42), and small green circles denote sample variation (n = 100 for each sea otter) inherent in this estimate. Solid line is the LOESS regression fit, shaded region is a 95% confidence interval.



TABLE 1. Summary statistics for Least Cost Path (LCP) daily distances.
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Demographic, Animal Care, and Environmental Variables

Demographic, animal care (Figure 2) and environmental (Figure 3) factors all varied through time. The time in surrogacy (Figure 2A) and otter body condition (Figure 2D) steadily increased through the study. During this time, the live diet composition for surrogate-reared otters dropped from 80% to roughly 50% (Figure 2C). The sex ratio of surrogate-reared otters was roughly equivalent across all study years (Figure 2B) though males were more common at the outset (Figure 2A). The number of releases fluctuated, with more otters requiring recapture from 2005 to 2015 (Figure 2E).
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FIGURE 2. Key animal care metrics that may influence behavior after release. (A) Residency time in the Monterey Bay Aquarium surrogacy program, bounded by accession and release, increased over time. Y axis labels indicate surrogate mom, individual (see Figure 1A), and are constrained in (C,D). In (A–D) males are red while females are blue; (B) the cumulative sex ratio of released otters. (C) The portion of live prey in each otter’s diet in the month prior to release, potentially important for foraging success in the wild, decreased from roughly 80–50% over the study period. (D) A common index of body condition (log mass * log length– 1) recorded before release, steadily increased. (E) Eighteen of the 42 otters in this study were unsuccessful on the first release. As a result, these animals were recaptured, received additional treatment, and were subsequently re-released and successfully incorporated into the population. No otters had initial releases in 2016.
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FIGURE 3. Environmental drivers that may influence post-release behavior. (A) Sea surface temperature (SST), (B) Multivariate ENSO index (MEI), and (C) Pacific Decadal Oscillation (PDO) show similar trends over time. Importantly, all reflect the marine heatwave event of 2014–2015. Black lines are the raw series, teal lines are a LOESS model, and shaded area is a 95% confidence interval. SST is recorded bi-hourly at NOAA stations EVMC1 (36.811 N, 121.779 W) and 46042 (36.785 N, 122.398 W) at the mouth of Elkhorn Slough and along Monterey Bay, respectively. MEI is the rank order of the monthly index, where El Niño conditions are highest and La Niña conditions lowest. Note that MEI rank and PDO index for Elkhorn Slough and Monterey Peninsula are identical because the distance between these two release locations (∼24 km) is smaller than the geographic resolution of these oceanographic parameters. (D) Surveyed sea otter population density and proportion of pups to total in Elkhorn Slough and along the Monterey Peninsula increased over the study period, while (E) population growth (r) fluctuated, showing similar trends as PDO and MEI. We used the mean of nearest neighbors to interpolate missing population density (D), pup ratio (E), and growth trend (F) values in 2011 (teal).


SST-based environmental indices showed similar temporal patterns (Figures 3A–C). The predicted LOESS values superimposed over the daily SST series indicate that temperatures peaked in 2015 and in general were higher before 2006 and after 2013, and lower between. LOESS predicted values across MEI (Figure 3B) and PDO (Figure 3C) showed similar broad trends, peaking in 2015–2016 and lowest from 2010 to 2011. There were no low MEI years or negative PDO cycles from 2014 to 2018, and consistently higher winter minimum and summer maximum temperatures. With similar features from these two indices across our time scale, during modeling we selected MEI rankings to represent oceanographic condition because ENSO events are known to have dramatic coastal influence along California. Local wild population density (Figure 3D) and pup production (Figure 3E) increased throughout the study, while population growth (Figure 3E) showed similar patterns to SST, MEI, and PDO.



Drivers of Post-release Dispersal

With satisfactory model performance (R2 = 0.87, mtry = 2, ntree = 1,500; Supplementary Figure S3), our final variables correspond well with post-release movements (Figure 4). Figure 4 plots the raw (Figure 4A) and modeled (Figure 4B) driver relationships to sea otter dispersal, as well as their interactions (Figure 4C). RF models indicate that pup ratio is the most influential variable (59% MSE increase), followed by MEI (37%), and population growth trends (21%). In both the raw and modeled relationships, dispersal increased with local pup production in the wild population. Two-way partial dependency plots (PDPs) show the effect of this factor is slightly diminished when MEI rank falls below 40 (Figure 4C) or population growth rate is above 0.08. These two factors exert opposing effects on dispersal. Regardless of MEI or local population growth rates, dispersal is highly probable when the proportion of pups to total sea otters within the release environment is greater than 0.14. When testing for effects of uncertainty introduced during scale parameter fitting, factor importance and model performance were consistent and robust (Figure 4D).
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FIGURE 4. Environmental factors are the strongest driver of post-release dispersal. (A) Raw pair-wise comparisons, and (B) modeled individual conditional expectations (ICE) from the Random Forest model (RF) outputs for the highest ranked variables. High sea otter pup ratios within the local population and strong El Niño conditions correspond to more mobility after release. Wild population growth rate has the opposite relationship, where high r is linked to less post-release movements. (C) Two-way partial dependency plots show the interactions in the predicted impact of selected drivers on dispersal. Here dispersal increases with y^, symbolized with warm colors. Following (B), this shows that high pup ratios and MEI rank together confer the greatest movements. (D) Variable importance ranks determined by the comparative increase in MSE when each driver is removed from the model. Histograms describe variability in factor effects resulting from 100 model iterations, each drawing loess scale parameters derived from an ensemble of all study sea otters (n = 42) sampled using their individual Cauchy scale parameter and its sd. Bar colors in (D) retained from trend lines in (A,B). Overall, the RF model explains 87% of the variability in the data, and key model factors characterize social and environmental conditions at the release site.


Figure 5 shows the influence of time in the wild on the scale of dispersal for otters released once, and multiple times. Both series show the gradual decline of the dispersal scale parameter, over the first 2 weeks after release. Otters released just once (Figure 5A) have a gradual monotonic decline, indicating a stabilization in movements leading to residency. Otters exhibiting visible signs of stress or weight loss were recaptured, further rehabilitated, and then released again. Though they required intervention, these animals display a similar broad pattern (Figure 5B) as otters not requiring intervention, however, the series is noisier, and the scale does not decline until days 7–8. This period coincides with the first or second release during intervention and recapture.
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FIGURE 5. Dispersal scale declines as released otters acclimate to the wild environment. For sea otters (A) released once, as well as those (B) requiring recapture and re-release, the scale of movements declines over the first 3 weeks since release. Interventions for otters showing visible signs of stress after release typically occurs in their first week at liberty, and this may be reflected in the scale being constant in that period, then abruptly declining thereafter. However, both plots (with equivalent x and y axes) show the same general pattern of movement stabilization with ultimate residency (scale converging to <0.2) at the release site in a relatively short period.





DISCUSSION

Understanding the patterns and drivers of sea otter movements after their reintroduction into the wild may be important for conservation programs aimed at expanding population and ecosystem recovery. Based on 16 years of data from 42 individuals that were surrogate reared in captivity, we found four main results. First, heavy-tailed models described sea otter movements best (Figure 1A), indicating otters dispersed near and far, and often both (Figure 1B). Second, long distance dispersals were most common early and late in the study (Figure 1C). Third, social and ecological factors at the release site (Figure 3) outweighed individual demographics and animal care variables (Figure 2) in predicting post-release movements (Figure 4D). Fourth, for individuals who exhibit high mobility after release, recapture may be an effective tool to interrupt and resolve this behavior (Figure 5).

Erratic dispersal behavior of newly released animals is common when returning naïve, rehabilitated marine mammals to the wild, but often released individuals settle into patterns typical of their wild cohorts (Moore et al., 2007). Sea otters primarily occupy small (<10 km2) home ranges within nearshore kelp forests and estuaries (Tinker et al., 2013, 2018). When young, individuals (particularly males) may demonstrate long-distance movements or exploratory behavior, roaming within large sandy basins (e.g., Monterey Bay) and along range edges, where mortality from white shark bite is high (Tinker et al., 2016; Moxley et al., 2019) but competition for forage quality is low. Early during release, a few individuals (#315, 327, 353, 379, 595; Supplementary Figure S1) strayed offshore from Elkhorn Slough into Monterey Bay, beyond maximum sea otter diving depths, indicating initial stress or flight behavior, and if prolonged, invariably required recapture (4/5 otters, 80%). By contrast, others (#217, 228, 238, 520, 621, 673, 685; Supplementary Figure S1) dispersed along the nearshore coastline later into their release, resembling exploratory behavior of wild, immature animals. Either type of dispersal may be detrimental to survival by increasing energy expenditure (Yeates et al., 2007) and exposure to white shark bites relative to sheltering near a release site when prey resources are adequate. Within release sites along the Monterey Peninsula, where the sea otter population is at equilibrium density and characterized by highly structured home ranges (Tinker et al., 2013), high female density and pup production, and male territorial behavior; all individuals (#209, 225, 723, 774, 808, 809; Supplementary Figure S1) initially dispersed between 9 and 46 km, with four permanently leaving the area, migrating northward across Monterey Bay.

Dispersal behavior of newly released sea otters corresponded most predictably with the social environment at the release site (Supplementary Figures S2, S4). Specifically, areas with high proportions of pups to total population size are typically high-density female sites where male territoriality is intense and intolerant of younger males, and competition for available prey, and mating attempts may be stressful to naïve females. Interestingly, dispersal behavior seems most modulated when the community is composed of a few females (and their pups), rather than none (Figure 4). Unregulated male areas without females may be equally unattractive to maturing individuals. Before reproduction was evident in Elkhorn Slough, releases typically resulted in some dispersal behavior. This post-release behavior stabilized with the establishment of a few male territories, which may have provided social stability and predictability adequate for recruiting young individuals to the community.

El Niño events have a dramatic and well-understood impact in California marine ecosystems (Storlazzi and Griggs, 2000; Lluch-Belda et al., 2005; Yoon et al., 2015; Jacox et al., 2016). It is therefore perhaps unsurprising that long-term trends in MEI corresponded with sea otter dispersal patterns after reintroduction (Figure 4). Warm water masses and increased wave energy accompanying El Niño decrease kelp cover (Steneck et al., 2003). Diseases affecting kelp forest mesopredators are also linked to warm water anomalies (Harvell et al., 2019) and kelp grazing pressure also has increased under El Niño conditions (Burt et al., 2018). As a result, ENSO and other warm water events may disrupt important sea otter foraging and shelter habitats in open ocean ecosystems. These relationships are less clear in estuary habitats where eelgrass, not kelps, are the dominant biogenic substrates. A recent study suggests environmental stressors, including climate, are important in shaping sea otter prey availability in estuaries (Hessing-Lewis et al., 2018). While our analysis provides evidence to support the role of bottom-up environmental forces on sea otter prey in estuaries, the mechanisms are unclear. Future studies may resolve how ENSO conditions may have contributed to an increase in otter movements either through the availability of preferred prey, intraspecific population interactions, or through a combination of both.

Low population growth corresponded to increased dispersal, perhaps in response to resource limitation due to crowding (Tinker et al., 2008, 2019; Tinker et al., 2013). Beyond simple carrying capacity, however, density may also affect movements through interaction with the demographic variables we assessed. As adult males often establish and defend territories (Jameson, 1989) they are less mobile (Ralls et al., 1996), where non-territorial subadult and adult males are highly mobile. Females may be more resource-driven and prioritize energetic efficiency in both foraging and movement (Thometz et al., 2016). Here, we found males showed slightly higher dispersal distances (Figure 4A and Supplementary Figure S6). However, perhaps as our released otters had not reached sexual maturity, the sex-based differences were slight. Population demographics and dynamics may together influence post-release dispersal, as competition increases for many key resources – prey, territories, and mates.

Though we present a unique and novel dataset which may hold value for endangered species reintroductions and recovery, our study has several caveats. To begin, our dispersal records are relatively modest for a machine learning modeling approach, with movement data from 42 individual otters. This sample, however, belies a considerable cumulative effort of 894 days of field tracking with an additional 11,396 days of rehabilitation in captivity (Figure 2A). To maximize our sample, we merged all successfully released otters in one category, combining otters that were released once (n = 24) or multiple (n = 18) times. Throughout the study (Figure 2E), MBA staff recaptured released otters in need of intervention to ensure successful acclimation back into the wild (see Methods). While recaptured otters, as a group, seem initially more mobile than otters not requiring intervention, both groups stabilize their movements and acclimate to the wild environment over a similar time frame (Figure 5). Recapture therefore seems to be a valuable tool to reduce energetic costs of early release and reinforce residency near the release site. Future analyses, perhaps benefiting from larger samples, may learn more about the influence of ecological and rehabilitation factors to released otters through grouped cross validations.

Besides sample size, the biotelemetry platforms we used also contribute to the limitation of data. Here we generated LCPs from resight observations, conducted daily using manual searches and VHF receivers. For three decades researchers have implanted VHF tags (Williams and Siniff, 1983; Ralls et al., 1989) to track wild sea otters, due to difficulties with external attachment applications (Garshelis and Siniff, 1983; Williams and Siniff, 1983; Ralls et al., 1989). Innovations in external transmitting tags for sea otters will automate the observation process, decreasing the logistical burden to monitoring, while providing real-time high-resolution locations multiple times a day (Hazen et al., 2012; Hays et al., 2016). Despite the limitations of our current study, daily location data were the product of an innovative and large logistical effort in rearing, tagging, and tracking surrogate-reared sea otters, and the signals identified provide an opportunity to improve the success of future releases.

In this study we successfully addressed issues which have persistently challenged endangered species reintroductions. Soft releases, or provisioning with food and temporary shelter, are commonly used when transitioning terrestrial animals from captive to wild settings (Waters, 2010; Walters et al., 2010; Imey et al., 2012; Kierulff et al., 2012). As soft releases are logistically more difficult in marine settings, we intensively monitored releases for 2 to 3 weeks and recaptured animals showing signs of stress and weight loss. This strategy likely supported our high success rate (75%) performing similar functions of a soft release, aiding the adjustment and ultimate survival of otters in the wild. Beyond transitioning to the wild, overcoming Allee effects and other small population challenges is critical for reintroductions (Pimm, 1991; Van Houtan et al., 2009). As with previous studies, we found that consistent enhancements or restocking of the wild population (Figure 2E) generated a persistent propagule pressure (Kuussaari et al., 1998; Lockwood et al., 2005), especially of females, that kept the wild population from failing. As a result, the release site changed from an aggregation of ∼20 transient males to a breeding population of >150 otters (Mayer et al., 2020). A 50-year study of 125 closed populations of terrestrial mammals indicated the benefits of restocking likely decline after populations reach 50 individuals (Van Houtan et al., 2009). Based on our findings, community structure may be more relevant than population density when establishing novel release sites. For sea otters, early seeding or even primary reintroduction of females may be the key component to creating viable and sustainable populations outside the current range.

Active reintroductions outside the current range may be necessary to restore sea otters and recover ecosystems across the California coast, and beyond. Stranding response, veterinary care, surrogacy training, and post-release tracking are all necessary for successful reintroduction, and each is logistically demanding. For this reason, understanding the factors that may drive the movements and residency of sea otters post-release are critical. Here we used existing release data to evaluate the program’s performance, in the general framework of evidence-based conservation and adaptive management (Sutherland et al., 2004; McCarthy and Possingham, 2007). Our results indicate that climatic and population factors at the release site are likely more influential than demographic or animal care dynamics in captivity and provide several practical lessons for future surrogacy rehabilitation and reintroductions.
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