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Abstract

In the eastern Pacific Ocean, the tropical tuna purse-seine fishery incidentally captures high

numbers of five mobulid bycatch species; all of which are classified as mortalities by the

Inter-American Tropical Tuna Commission due to uncertainties in post-release mortality

rates. To date, the factors (operational or environmental) leading to the capture of these

species by the fishery have not been well studied. Here, we developed Generalized Additive

Models for fisheries observer data to analyze the relationships between the presence/

absence of Mobula mobular bycatch and oceanographic conditions, the spatial and tempo-

ral variability in fishing location, and the set type (associated with dolphins, free-swimming

tuna schools or floating objects). Our results suggest that chlorophyll concentration and sea

surface height are the most important variables to describe the presence of M. mobular in

conjunction with geographic location (latitude and longitude) and set type. Presence of the

species was predicted in waters with chlorophyll concentrations between 0.5–1 mg�m-3 and

with sea surface height values close to 0; which indicates direct relationships with productive

upwelling systems. Seasonally, M. mobular was observed more frequently during Decem-

ber-January and August-September. We also found the highest probability of presence

observed in School sets, followed by Dolphin sets. Three areas were observed as important

hotspots: the area close to the coastal upwelling of northern Peru, the area west to Islands

Colon Archipelago (Galapagos) and the area close to the Costa Rica Dome. This informa-

tion is crucial to identify the mobulids habitat and hotspots that could be managed and pro-

tected under dynamic spatial management measures to reduce the mortality of mobulid

rays in the eastern Pacific purse-seine fishery and, hence, ensure the sustainability of the

populations of these iconic species.
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Introduction

Understanding the distribution of highly mobile marine species is necessary for developing

effective conservation and management strategies, especially for those species that are

impacted by fisheries [1, 2].

Mobulid rays are one of the groups most heavily impacted by global fisheries pressure due

to the demand for their meat, skin and gill plates [3–5]. This demand has resulted in dramatic

increases in fishing effort for mobulid rays in some regions [6–8]. At least 13 fisheries in 12

countries specifically target mobulids. Moreover, mobulids are also caught in many other fish-

eries worldwide as bycatch [8, 9]. For example, mobulids are caught as target species in small-

scale fisheries using driftnets, gillnets, harpoons, gaffs, traps, trawls, and longlines. As bycatch,

mobulids are caught in large-scale fisheries using driftnets, longlines, trawls and purse seines

[8, 10–12].

The tropical tuna purse-seine fishery is one of the fisheries that capture the highest number

of mobulid species in the eastern Pacific Ocean [9]; compared with other oceans and fishing

gear types [8, 11]. In 2012, the total incidental bycatch of mobulid species reached 3,297 indi-

viduals [13]. As there is still limited data on the post-release survival of these species, all mobu-

lid bycatch numbers are considered as mortality by the Inter-American Tropical Tuna

Commission (IATTC) even if released [9].

Despite the low frequency of mobulid captures per set [8, 13], the large number of sets com-

bined with the distribution of purse seiner fishing effort worldwide make the bycatch rates of

purse seiners considerable important to conservation. The bycatch of these species in various

fisheries in conjunction with the low reproductive potential contribute to their declining

stocks [5, 12, 14, 15].

All mobulid species have recently been added to Appendix II of the Convention on Interna-

tional Trade in Endangered Species (CITES) and to Appendices I and II of the Convention of

Migratory Species (CMS) [5, 16] in order to meet regional conservation goals as well as curb

international trade in mobulid products.

In the case of the eastern Pacific Ocean, the Inter-American Tropical Tuna Commission

(IATTC) have adopted and implemented a conservation and management measure (C-15-04)

to reduce the mortality of mobulid species in the Convention Area [17]. This measure prohib-

its retaining onboard, transshipping, landing, storing, selling, or offering for sale any part or

whole carcass of mobulid rays taken by purse seiners.

The Spinetail Devil Ray (J.P. Müller and Henle, 1841) (Mobula mobular; recently reviewed

and changed fromMobuja japanica [18]) is one of the mobulid species caught most frequently

in the purse-seine fishery in the eastern Pacific Ocean [8, 9, 13].M.mobular is listed as “Near

Threatened” globally (after lumping withM. japanica) and “Endangered” within the Mediter-

ranean Sea by the International Union for Conservation of Nature (IUCN) Red List of Threat-

ened Species (http://www.iucnredlist.org/). The species is mobile, distributed circumglobally

in tropical and subtropical waters, and can be found in both coastal and oceanic pelagic waters

[19, 20]. Therefore it is possible that the large-scale movement patterns ofM.mobular between

productive regions and the seasonal aggregations at specific locations can be explained by food

availability (i.e. seasonal distribution patterns of euphausiids). The water column dynamics

may also affect their vertical migrator behavior and distribution [6, 16, 19, 21, 22]. Previous

studies demonstrate a preference for shallow (less than 50 m depth) and warm (more than

20˚C) waters in Mexico, the Mediterranean Sea, and the southwest Pacific Ocean [19]. How-

ever, there is still a major knowledge gap in the relationship between the spatial distribution of

this species and the environmental conditions at large spatial oceanic scales, such as the Pacific

Ocean.

Modeling the spatial distribution of Mobula mobular bycatch species
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Species Distribution Models (SDMs) are useful tools to study statistical relationships

between species occurrence or abundance and environmental covariates and to predict poten-

tial habitat preferences [23]. Species Distribution Models have been used in terrestrial and

freshwater habitats, but their use has been limited in oceanic waters. The challenge of collect-

ing adequate sample sizes from across large marine areas and the difficulty in correctly identi-

fying species across multiple data sources have lead to a lesser use of these models [24].

Among the different Species Distribution Models methods (e.g. regression models,

machine learning), Generalized Additive Models (GAMs) are used most often to model the

distribution and environmental preferences of large marine species [25–27]. These models

have been used for target and non-target species in commercial fisheries using different gears:

longliners, trawlers or purse-seiners [26, 28–32], but never applied to mobulid rays. In the case

of the purse-seine fishery, Generalized Additive Models (GAMs) have been applied to model

the habitat preferences of diverse bycatch species [13, 25, 26, 33–40]; but again have not yet

been applied to mobulid rays datasets.

Studies evaluating the environmental factors affecting the distribution of mobulids are

mostly based on visual census or aerial surveys [41–45], sightings [1, 46] or tagging data [47–

54], and studies on devil rays (excluding the more frequently studied manta rays) are scarce in

general [6, 10]. With respect toM.mobular, only a few studies [19, 20, 55] describe their envi-

ronmental preferences because most studies are limited by low sample sizes and constrained

spatial extent. In that sense, SDMs could help to improve the knowledge about the spatial dis-

tribution ofM.mobular using a large dataset and the most important environment variables

which characterize the ecology of the species.

The Inter-American Tropical Tuna Commission (IATTC) observer database offers a

unique opportunity to model the occurrence ofM.mobular using fishery-dependent data at

large spatial-temporal scales. The purse seine observer programs provide more than 80% cov-

erage of purse seine vessels (class 6) operating throughout the EPO from 1993 until 2017. This

program offers unprecedented data richness to answer questions about distribution and habi-

tat use ofM.mobular. Improving knowledge about the environmental preferences and spatial

distribution ofM.mobular will contribute to the implementation of effective fisheries manage-

ment measures in the eastern Pacific Ocean [16, 23].

This study explored the environmental variables that influence the spatial distribution of

Mobular mobular bycatch in the eastern Pacific Ocean tuna purse-seine fishery. The study

used a Generalized Additive Model and oceanographic variables derived from satellite data to

address the seasonal and spatial variation of this species. We hypothesize that the presence of

M.mobular is directly related to the oceanographic conditions of the eastern Pacific Ocean

and, specifically, with the most important upwelling systems.

Material and methods

Study area

The purse-seine fishery for tunas in the eastern Pacific Ocean is primarily concentrated in the

tropical water of the IATTC management area, which extends from 50˚S to 50˚N. The charac-

teristic of this area is influenced by the Peru and California ocean currents which flow from

the north and south of the area, respectively. The presence of the eastern Pacific warm pool,

located along the coast of southwestern Mexico and Guatemala and the equatorial cold tongue

at about 120˚W also influence the characteristic of the study area (S1 Fig) [56, 57].

The surface chlorophyll concentration, an index of phytoplankton biomass in near-surface

waters, is high in the winter around i) the Gulfs of Tehuantepec, Papagayo and Panama driven

by three Central American wind jets and ii) in the Peru coastal upwelling system (S1 Fig)[56,
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57]. Conversely, during summer, chlorophyll is highest along the equator due to upwelling

driven by the southeast trade winds and at the Costa Rica Dome where the thermocline is shal-

low (S1 Fig) [56].

Mobula mobular data

The data used in this study is from the Inter-American Tropical Tuna Commission (IATTC)

Convention Area (limited by parallel 50˚N, 50˚S, the meridian 150˚W and American Pacific

coastline), also known as the eastern tropical Pacific Ocean (ETP).

Mobula mobular bycatch data were collected by the Agreement on the International Dol-

phin Conservation Program (AIDCP) onboard observer program that employ both, observers

from the National Observer Program and IATTC observers, from 2005 to 2015, monitoring

captures from large purse seine vessels (> 363 t carrying capacity-Class 6) using three types of

fishing modes or set: Dolphin sets, Floating object sets and School sets.

Dolphin sets are sets on tunas associated with dolphin, School sets are sets on unassociated

tuna schools and Floating object sets are sets on tunas associated with encountered natural

objects (Log) or/and objects deployed by the fishers, called drifting Fish Aggregating Devices

(dFADs) [9]. Since the late 1990s, most floating-object sets are estimated to have been made

on FADs (IATTC 2018). Dolphin and School sets are normally made during daylight hours,

while FAD sets are mostly made at dawn [13].

Bycatch data has been collected by the AIDCP on purse seine vessels (Class 6) that operate

in the IATTC Convention Area [13]. The AIDCP observer program collects data on: i) the ves-

sel’s route and activity, ii) environmental parameters (wind speed, current speed and sea sur-

face temperature), iii) fishing operations, estimated catch of target species, tuna discards and

bycatches (in biomass or number); iv) size distribution of tuna catch, discards and bycatch and

v) Floating objects characteristics and/or activities (natural and Fish Aggregating Devices

(FADs)) during a tuna set.

The identification of the non-target species is one of the most challenging issues for the pro-

gram; as observers, sometimes, do not have direct access to the individuals or sufficient time.

To improve the identification of the bycatch to the species level, in 2005 the IATTC expanded

its species code list to include many more species so that species-specific bycatch could be

recorded for many families and genera.

Oceanographic data

For each fishing set (date and position for the years 2005–2015), the following oceanographic

variables were extracted (Table 1): daily sea surface temperature (SST; in ˚C), daily sea surface

height (SSH; in cm), monthly phytoplankton (Phy; in mg�m-3), monthly chlorophyll (Chl;

mg�m-3), daily salinity (Sal; in PSU), daily eddy kinetic energy derived from altimetry (Eke, in

m2 s-2), daily heading and speed of the current derived from UV (Heading; degrees; vel; m/s;),

monthly oxygen concentration (O2; mg/l), and monthly Nitrate (Ni; mg/l) (Table 1). All vari-

ables were collected at 1/4˚ spatial resolution using python routines and motu-client from the

E.U. Copernicus Marine Environment Monitoring Service (CMEMS) (http://marine.

copernicus.eu/), which provides information on the physical state, variability and dynamics of

the ocean and marine ecosystems worldwide. Environmental variables were selected and

downloaded from the “Ocean product” section from Copernicus database (http://marine.

copernicus.eu/services-portfolio/access-to-products/). The variables for each product were

selected based on the parameters of interest (year, month, resolution). Each variable informa-

tion (NC file) was downloaded following the instructions from the website through the use of

phyton scripts (see an example in S1A Table). Once the nc file was downloaded, it was opened
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using R (see S1B Table). Then, the information for each variable (year, month, day, position)

was matched with the information from our database. Finally, all the variables were merged in

the same R dataframe, which was used to run the models. For the variables with daily resolu-

tion, the date (day, month, year) and position (longitude, latitude) of each single set was

matched with the date and position of the corresponding oceanographic variables (SST, SSH,

Salinity, Eke and Heading) extracted from the satellite data. In the case of variables with

monthly resolution, the date (month and year) and position of the set was matched with the

position and date of the oceanographic variables (Phy, Chl, O2 and Ni).

Depth and distance from the coast were obtained as rasters (ASCII format) from Global

Marine Environmental Datasets (GMED) (http://gmed.auckland.ac.nz/download.htmlf).

Bathymetry values were obtained from General Bathymetric Chart of the Oceans (GEBCO,

08 Digital Atlas) (British Oceanographic Data Centre, UK, www.gebco.net) (depth; m; 30

arc-seconds resolution). Land distance or distance to the nearest land cell (water cells only)

was calculated using euclidean distance (distance; km x 100 (euclidean distance); 5 arcmin

resolution) (Table 1). Both rasters were imported to R software [58] with the rasters package

[59] and the depth and distance values matching the position date of species bycatch data

were extracted to use in the model. The type of set and spatial-temporal variables such as

latitude, longitude, year and month were also considered as potential variables in the

model.

Statistical analysis

Generalized Additive Models (GAMs) [60], were fitted to identify the spatial-temporal dynam-

ics and environmental characteristics associated with the presence ofMobula mobular habitat

in the eastern Pacific Ocean for 2005–2015. GAMs are semi-parametric extensions of general-

ized linear models (GLMs) [60]. These models were chosen over generalized linear models as

are capable of capturing non-linear relationships by fitting smoothing functions to predictor

variables [34, 38].

The presence/absence ofM.mobular was considered as the dependent variable. Data for

1270 presences and 260,002 absences were included in the analyses.

Spatial (latitude and longitude), temporal (month, year), the type of purse-seine set (Dol-

phin vs. Floating objects vs. School sets) and oceanographic variables were considered as

Table 1. Summary of the environmental variables obtained from Copernicus Marine Environment Monitoring Service (CMEMS): Variable acronym and Name,

Unit, Average value, Minimimum value, Maximum value, and Spatial and Temporal resolution.

Variables acronym Variable name Units Average Min Max Spatial resolution Temporal resolution

Depth Depth m 3732.411 6476.665 45.357 30 arc-seconds -

Distance to the coast Distance Km�1000 (Euclidean distance) 8.907 0.059 23.026 5 arcmin -

SST Sea Surface Temperature ˚C 25.276 16.690 29.636 0.25˚ Daily

Sal Salinity psu 34.371 26.943 36.453 0.25˚ Monthly

SSH Sea Surface Height m 0.246 -0.001 0.627 0.25˚ Daily

Chl Chlorophyll concentration mg.m-3 0.217 0.024 1.830 0.25˚ Monthly

Phy Phytoplankton mg.m-3 1.611 0.427 15.369 0.25˚ Monthly

O2 Oxygen Concentration mg/l 209.613 193.605 252.102 0.25˚ Monthly

Ni Nitrate mg/l 4.785 0.000 20.173 0.25˚ Monthly

Vel Velocity m/s 0.247 0.001 1.161 0.25˚ Monthly

Ke Kinetic energy m/s 0.046 0.000 0.674 0.25˚ Monthly

Heading Direction of the current degrees 213.341 0.000 359.849 0.25˚ Monthly

https://doi.org/10.1371/journal.pone.0220854.t001
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independent variables for the model. The general structure of the GAM is:

gðmiÞ ¼ aþ f1ðX1iÞ þ f2ðX2iÞ þ f3ðX3iÞ . . . :þ fnðXniÞ

where g is the link function (logit for binomial family), μi is the expected response variable

(presence-absence), α is the intercept, fn are smooth functions (thin plate regression splines),

and Xn are the covariates [60].

The degrees of freedom of the smooth functions were restricted for each explanatory vari-

able to avoid additional over-fitting. Thus, the number of basis functions (k) was associated

with each smooth term was set to k = 6 for the main effects and to k = 20 for the interaction

effects [61, 62]. Each GAM was fitted using (i) thin plate regression splines for non-linear

covariates, except for monthly variation, where a cyclic cubic regression spline was used to

account for a cyclical effect [63] and (ii) a two-dimensional thin plate regression spline surface

to account for spatial effects (latitude, longitude) of each fishing set [38, 64].

In order to avoid overfitting and reduce correlation and collinearity between variables, two

measures were considered. First, all predictor covariates were examined using Pearson’s rank

correlation [65]. Pairs of variables with high correlation values (Pearson correlation r> 0.6)

were identified and only one of the correlated pair was included in the modelling process [38].

Second, multicollinearity among the predictor variables was assessed by calculating the vari-

ance inflation factor (VIF) with a cut-off value of 5 [32, 64] using the function corvif of the

AED package in R [66]. Because of high correlation, the four pairs of covariates: 1) “phyto-

plankton-chlorophyll”, 2) “sea surface temperature-oxygen”, 3) “sea surface temperature-sea

surface height” and 4) “eddy kinetic energy-velocity of the current” were not considered at the

same time in the models. The correlation and collinearity analyses are shown in S2 Fig.

Thirteen candidate final GAM models were considered from on all possible combinations

of covariates. Each candidate model was fitted using a binomial family with a logistic link func-

tion. A forward step-wise variable selection procedure was applied to establish the models,

which consists of building the null model (only the overall mean as a predictor variable) and

then adding a new covariate to check its contribution to the model [27]. Covariate contribu-

tions were evaluated using model explained deviance and studying their significance (based on

p-value). Only significant covariates (p< 0.05) and those with large relative contributions to

explained deviance were included in the next step of model. The best fit model of the 13 candi-

dates was selected as the final model according to the lowest Akaike information criterion

(AIC) value and the highest explained deviance [67, 68].

A cross-validation was applied with a k-fold partitioning method (with k = 5) to assess

model performance [23, 69]. This methodology consists of splitting data into two different

sets: one set used to model the relationship between presence-absence data and the environ-

mental variables (80% of data), called the training data, and the other set used to assess the

quality of predictions, called the testing data (20% of data) [33, 38]. Model predictions were

evaluated by calculating the Area Under the receiver-operating Curve (AUC) and the mean

True Skill Statistic (TSS) [70]. The AUC measures the ability of the model to correctly predict

where a species is present or absent [71]. The AUC provides a threshold independent measure

of overall model accuracy ranging from 0 to 1, where values around 0.5 indicate the prediction

is as good as random and values around 1 indicates perfect prediction [72]. AUC is tabulated

in a confusion matrix indicating the true positive (TP), false positive (FP), false negative (FN)

and true negative (TN) predictions. We obtained from the confusion matrix the Specificity,

which indicates the percentage of absences correctly predicted, and Sensitivity, which indicates

the percentage of the presences correctly predicted [24].

Modeling the spatial distribution of Mobula mobular bycatch species
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The TSS is another accuracy index but is threshold dependent and not affected by the size

of the validation set [24]. The TSS index ranges from -1 to +1, indicating 0 as no predictive

skill and is calculated as sensitivity plus specificity minus 1 from the confusion matrix [24].

Model validation was performed using the PresenceAbsence package [73]. Finally, the residuals

were tested for spatial autocorrelation using the Moran’s I test of the spdep package in R [74].

This index ranges between -1 (showing high-dispersion) to 1 (high-correlation). A zero value

would indicate a random spatial pattern [68].

Lineplots based on observed values were created to identify possible areas of importance for

M.mobular (based on the longitudinal gradient) in relation with the most important oceano-

graphic variables obtained from the final model.

In this study GAMs were implemented as a modeling algorithm to apply a Species Distribu-

tion Model (SDMs). As usual in this context, the main aim is to first estimate the relationship

between the studied species and environmental variables, and secondly using the estimated

relationship to predict where a species is likely to be present. Areas with higher probability

were defined as hotspots that in this case indicate area with higher presence of the studied spe-

cies. Spatial prediction maps of the average and standard deviation of presence ofM.mobular
were created to identify possible hotspots of the species in the study area [38, 68].

Map of the average was done by predicting at all data points in the dataset and then averag-

ing predictions by 1 degree area; excluding set type and month.

Spatial prediction maps by fishing type and period were also created fitting the final model

that included set type and period and then averaging prediction over all set types and periods.

Three periods were considered: Period 1 (February-May), Period 2 (June-September) and

Period 3 (October-January) based on the main oceanographic process of the eastern Pacific.

All the models and predictions were done using predict.gam function from themgcv package

[75] in R.

Results

Out of 261272 catch observations, only 1270 with presence ofMobula mobular were found in

the study period between 2005–2015. There were 572 (~45.04%) Dolphin, 163 (~12.83%)

Floating objects and 535 (~42.13%) School sets with presence ofM.mobular (Fig 1). There

were 20727 Dolphin, 224831 Floating objects and 14444 School sets with not presence of the

species. While most of the fishing effort (total number of sets) from the bycatch database is

located north of the equator, close to the front system, sets with presence ofM.mobular were

found in different locations, such as Galapagos or the Costa Rica Dome, dominated by Dol-

phin and School sets. The highest number of total sets (sets with presence and no presence of

M.mobular) per month (1420) was made during July (Fig 2). In contrast, the highest number

of sets with presence ofM.mobular per month was found during the northern winter (Janu-

ary-February) (203 and 197; respectively) (Fig 2).

Generalized additive model

After studying all the possible combinations of covariates (13 candidate models), the final

model (based on the lowest AIC value; S2 Table) included as explanatory variables a) spatial

variables (latitude-longitude interaction), b) temporal variables (month), c) type of fishing

mode (set type as factor) and d) environmental variables (oxygen, chlorophyll, nitrate and sea

surface height). The more relevant models (13) were presented, as the others that have only

one variable of difference presented and similar AIC values.

The final model explained 31.3% of the total deviance with an adjusted r2 of 0.31 (Table 2).

The individual contribution of the variables is shown in Table 2. The most important
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covariates to explain the presence ofM.mobular are the type of set (21.6%), followed by the

interaction latitude-longitude (18.4%), chlorophyll (7.36%) and sea surface height (7.28%).

The smooth functions of the response variable for each of the covariates considered in the

model are shown in Fig 3 and S3 Fig. The model suggests higher presence ofM.mobular in

Dolphin and School sets in areas close to the coast (80–100˚W) between 0˚N and 20˚S during

December-January, and to a lesser extent, during August-September. The significant interac-

tion of latitude-longitude suggests presence ofMobula mobular close to the coast with three

main hotspots predicted: off the Peru coast, the Galapagos Islands and the Costa Rica Dome

(S3 Fig). With respect to the oceanographic variables,M.mobular is likely to be found more

often in areas with low concentration of oxygen (< 200 mg/l), relatively high concentration of

chlorophyll (0.5–1 mg�m-3), low sea surface height values (close to 0 cm) and medium concen-

tration of nitrate (around 9 mg/l) (Fig 3 and S3 Fig). Lineplots in Fig 4 showed the longitudinal

distribution of the chlorophyll and sea surface height for the sets with presence ofM.mobular.
The three peaks of chlorophyll identified in Fig 4 correspond to the areas around Costa Rica

Dome (87˚W), Galapagos (92.4˚W) and Peru (81˚W). In the case of the sea surface height,

Fig 1. Distribution of sets with presence ofMobula mobular for the years 2005–2015 in Dolphin sets (red points), Floating object sets (green points) and School sets

(blue points) from the tropical tuna purse-seine fishery in the eastern Pacific Ocean (limited by 30˚N, 20˚S, 70˚W and 150˚W). Effort (number of sets) for all bycatches

(not only mobulids) represented in orange and created by using kernel density estimation from the function “heatmap” in Quantum GIS, 2014.

https://doi.org/10.1371/journal.pone.0220854.g001
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values close to 0 were found in coastal areas (80–82˚W) and close to Galapagos (94˚W),

directly related to eddy circulation and upwelling systems (Fig 4).

The ability of the model to predictM.mobular presence was good, especially given the very

low number of presences in the data set (Sensitivity: 0.44). The TSS indicated a correlation

between the predicted presence ofM.mobular and the observed presence, with a TSS value of

0.42. In addition, the AUC for the model was 0.92 and the specificity was 0.97 (Table 3).

Fig 2. a) Total number of distribution of sets in the fishery represented by years (2005–2015) on the y-axis and months (1–12) on the x-axis. b) Total number of sets

with presence ofMobula mobular represented by years (2005–2015) and months (1–12) (b).

https://doi.org/10.1371/journal.pone.0220854.g002

Table 2. Summary results for the final Generalized Additive Model (GAM) selected to model the presence of

Mobula mobular in the eastern Pacific Ocean (2005–2015). Individual contribution of each variable (% Deviance)

running the model separately. SSH (sea surface height), O2 (oxygen), Ni (nitrate).

Family Binomial

Link function Log

Adjusted R2 0.31

Deviance explained 31.3%

e.d.f p-value % Deviance

Latitude � Longitude 18.638 < 2e-16 18.40%

Type -4.3937 <2e-16 21.60%

Month 3.64 2.47E-05 2.71%

Chlorophyll 2.99 7.23E-10 7.36%

SSH 2.111 3.11E-07 7.28%

O2 1.559 1.88E-05 1.11%

Ni 2.009 1.47E-07 0.86%

�interaction

https://doi.org/10.1371/journal.pone.0220854.t002
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The spatial autocorrelation of the residuals from the best final model was also explored.

Results from the Moran test indicated that there was no significant spatial autocorrelation in

the residuals (Moran’s I = 0.99).

The prediction maps showed three main hotspots with presence ofM.mobular: i) the area

close to the coastal upwelling of Peru, ii) the area west of Galapagos and iii) the area close to

the Costa Rica Dome and the coastal upwelling systems of Tehuantepec, Papagayo and Pan-

ama (Fig 5). A fourth area, with lower but consistent prediction values (presences persistent at

mean, with low standard deviation values), was also identified around of the Baja California

Peninsula and the Equatorial area.

These areas are distinguished when conducting predictions by set type (Fig 6). The presence

ofM.mobular is predicted around the Costa Rica Dome for Dolphin sets (maximum values

around 0.08) and around Galapagos, Peru and the coastal upwelling systems for School sets

(maximum values around 0.1). In contrast, a presence area around the equator extending from

the coast of Peru west to Galapagos was predicted for Floating objects sets, although this area

had lower predicted values (maximum values around 0.008) than School and Dolphin sets in

the Costa Rica Dome, Galapagos, and coastal upwelling areas.

Predictions by periods indicated that the presence ofM.mobular could vary seasonally

explained by the seasonal upwelling events of the eastern Pacific (Fig 7). The first period con-

sidered (February-May) predicted probability of presence of the species around the coast and

during the spring upwelling events in Central America. The second period predicted presence

Fig 3. Smoothed fits of covariates modeling the presence of Mobula mobular for: a) Type of set (Dolphin vs. Floating object vs. School) and Chl (chlorophyll, in

mg�m-3 in x-axis) variables. The y-axis represents the spline function. Shaded polygons indicate approximate 95% confidence bounds.

https://doi.org/10.1371/journal.pone.0220854.g003
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ofM.mobular around the Costa Rica Dome and the third one, around Peru, Galapagos, the

Pacific coast of the Gulf of California and the equatorial area.

Discussion

The identification of the main areas of distribution for pelagic species is always a challenge due

to the difficulties of obtaining extensive spatial and temporal sampling coverage in their ocean

pelagic environment. In this study, GAMs were used to identify the major environmental fac-

tors that affect the occurrence ofMobula mobular bycatch in purse-seine sets using fishery-

dependent data from the IATTC observer program.

Results of this study suggest thatM.mobular distribution is directly related to seasonal

upwelling systems with high productivity in the eastern Pacific Ocean. Understanding the spa-

tial distribution of this species is essential for the protection of their populations.

Fig 4. Lineplots showing the sets (longitude values in x-axis) with presence ofMobula mobular and their associated a) Chlorophyll concentrations (Chl, in y-axis) and

b) Sea surface height (SSH, in y-axis) values.

https://doi.org/10.1371/journal.pone.0220854.g004

Table 3. Accuracy indices to evaluate the performance of the model for each interaction and the mean: Area Under the Curve (AUC), True Skill Statistic (TSS), Sen-

sitivity and Specificity.

Interaction AUC TSS Sensitivity Specificity

1 0.92 0.51 0.55 0.96

2 0.94 0.51 0.54 0.97

3 0.91 0.44 0.47 0.97

4 0.91 0.30 0.32 0.98

5 0.91 0.32 0.34 0.98

Mean 0.92 0.42 0.44 0.97

https://doi.org/10.1371/journal.pone.0220854.t003
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Environmental and spatial-temporal characteristics of M. mobular
Habitat preferences of marine species can be described according to one or more physical or

chemical variables such as temperature, chlorophyll, salinity or oxygen content. Those vari-

ables directly characterize particular water masses [76].

We identified chlorophyll (Chl) (7.36% of deviance explained) and sea surface height (SSH)

(7.28%) as the main environmental variables that explain the presenceofM.mobular in the

tropical tuna purse-seine fishery in the eastern Pacific Ocean. This suggests that the seasonal

distribution of the species is primarily related to variations in chlorophyll concentrations and

sea surface height values in relation to upwelling systems. Specifically, we observed higher

probability of presence ofM.mobular in waters with relatively high concentration of chloro-

phyll (0.5–1 mg�m-3). These values (with fluctuations depending on the season) of chlorophyll

can be found in the most important upwelling areas of the eastern Pacific Ocean, such as the

Galapagos Islands, the upwelling system off Peru, the costal upwelling system of the Gulf of

Fig 5. Mean prediction and standard deviation of the presence of Mobula mobular bycatch from the tropical tuna purse-seine fishery (2005–2015) in the eastern

Pacific Ocean based on the most parsimonious model fit.

https://doi.org/10.1371/journal.pone.0220854.g005

Fig 6. Mean prediction of the presence ofMobula mobular bycatch species from the tropical tuna purse-seine fishery (2005–2015) in the eastern Pacific Ocean in a)

Dolphin sets, b) School sets and c) Floating object sets based on the most parsimonious model fit.

https://doi.org/10.1371/journal.pone.0220854.g006
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Tehuantepec, Papagayo and Panama, the Costa Rica Dome and the Gulf of California [56, 57].

The decline of the probability of presence ofM.mobular at higher concentrations of chloro-

phyll (Fig 3) may be explained by the data limitation at those levels. Similar ranges of chloro-

phyll have been described as preferred for manta ray species in other locations around the

world [1, 44, 45, 49, 52, 77]. However, in the case ofM.mobular and other devil rays, most

studies have been based on tagging data, including depth and sea surface temperature as

explanatory variables for distribution and movements, but not chlorophyll. In that sense, this

study provides new information about the distributional preferences of the species related to

chlorophyll concentrations. In addition, it suggests that mobulids most likely universally target

high-productivity regions that provide ideal foraging opportunities. In the case of sea surface

height,M.mobular was more likely to be present in areas with low sea surface height values.

This result may reveal a preference of the species for cyclonic eddies, upwelling systems, shal-

low mixed layers or cold sides of thermal fronts [25]. Similar relationships (positive or nega-

tives) in association with SSH values have been also found for other bycatch species, such as

turtles [34], mahi-mahis [25], wahoos [78] and sailfishes [26].

The lack of significance of Year (considered as a factor) in the model indicates that there is

not annual trend with respect to the presence in the bycatch. This fact could be probably

explained by the fact that (1) there is not enough information in our dataset to find differences

between years, and/or 2) because the studied species have a similar spatial distribution every

year but probably with different annual abundances that should be studied in future works. In

any case, differences between years should be explorer deeper to find possible relationships

between important events of El Niño and La Niña.

Sea surface temperature (SST) was not included in the final model, since it was correlated

with oxygen and with sea surface height. Despite sea surface temperature (SST) can directly

describe the presence of upwelling systems (observed by low temperature values), in this study

SST was not considered in the final model (i.e. not significant) which was replaced by other

covariables, such as oxygen (O2) and sea surface height (SSH). In the case of O2, it was

included in the model because mobulid rays are normally found at the surface and in shallow

waters with low concentration of O2. Thus, the distribution of these species is totally condi-

tioned by the bathymetry of the area and the concentration of oxygen at these shallow waters

that may induce easier captures by the fisheries. Understanding the preference of the species

by the concentrations of oxygen, we could know if there is more probability of finding the spe-

cies in other studied area. In the case of SSH, this variable can be an indicator of presence of

Fig 7. Mean prediction of the presence ofMobula mobular bycatch species from the tropical tuna purse-seine fishery (2005–2015) in the eastern Pacific Ocean in a)

Period 1, b) Period 2 and c) Period 3 based on the most parsimonious model fit.

https://doi.org/10.1371/journal.pone.0220854.g007
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the species in areas where the convergences and divergences (upwellings and downwellings)

are important. Therefore, both variables, O2 and SSH combined with chlorophyll provide

more specific information about the relationship of the species with the upwelling systems

than those just described by the SST; which could be more occasional.

In the case of the oxygen and nitrate, the contribution of these two variables to the model

was minimal. However, they showed values that correspond with typical upwelling systems’

characteristics [56, 79]. Since the oxygen determines the vertical distribution of mobulid rays,

SST and SSH could explain the presence of the species in upwelling systems. In the case of

nitrate, surface waters in areas of upwelling systems contain similar values of nitrate as the

areas where more probability of presence of our species was found; leading to correlate again

these upwelling areas with the habitat ofM.mobular. The inclusion of both variables improved

the model fits and contributed to our understanding of environmental preferences of the spe-

cies. Thus, should be considered in future SDMs for mobulid species in addition to other

covariates such as temperature and chlorophyll. The relationship between mobulid distribu-

tion and oxygen minimum zones should be studied in greater detail (e.g. Stewart et al., 2018),

especially in areas with shoaling oxygen minimum zones such as the Gulf of California or the

Pacific Warm Pool area [80, 81].

Presence ofM.mobular was explained not only by environmental variables but also by spa-

tial-temporal variables of the purse seine fishery and their types of sets. Our model revealed

that the interaction latitude-longitude was very important variable. The inclusion of this inter-

action allowed accounting for the spatial prediction of the species in regions such as the Costa

Rica Dome, the Galapagos Islands and the coast of Peru. These areas correspond with impor-

tant areas of productivity and therefore, of great importance for the ecology of the species.

Lezama Ochoa (13) reported high number of mobulids bycatch in the Costa Rica Dome region

but also some bycatch in coastal areas between 1993 and 2014. These areas are considered rep-

resentative regions of biological hotspots [57]. The Costa Rica Dome could play an important

role in the distribution ofM.mobular; as mobulids seem to aggregate in this area only during a

short period (July and August) [13] (S1 Fig). The persistent pattern of cyclonic wind stress curl

lifts the thermocline, creating a center of oceanic upwelling and leading to elevated chlorophyll

concentrations, low mean sea level anomaly values, and high biological production [56, 57,

82]. This area concentrates nutrients and influences the abundance and distribution not only

of mobulids, but also of other marine species, such as sharks, billfishes, tunas, marine mam-

mals or turtles [8, 38, 57, 83, 84]. In winter, prior to the formation of the Costa Rica Dome,

wind jets blowing through Central America and Mexico generate the persistent formation of

eddies with high chlorophyll concentration in the Gulfs of Tehuantepec and Papagayo [57].

Finally, in the case of Galapagos and Peru, the biological richness of their waters are the result

of two upwelling systems. Both upwellings register highest regional concentrations of chloro-

phyll [57] making the coast off Peru and Galapagos very important habitats for mobulids and

whale sharks [85, 86].

With respect to set type, the highest presence ofM.mobular was predicted in School sets,

followed by Dolphin sets, while the prediction in Floating object sets was much lower [9, 13].

This could be the case because the different purse seiner fishery modes operates in different

areas which varied productivity regimes and, hence, differential mobulids preferential habitat.

For example, School sets followed large yellowfin tuna schools which are mostly located in pro-

ductivity areas foraging in lower prey of the food chain. Therefore, the probability of presence

ofM.mobular seems to be set type-specific. Regions with different probability of presence of

the species were observed depending of the fishing mode: Peru, Galapagos and the Gulf of Cal-

ifornia were the main areas with presence ofM.mobular in School sets, the Costa Rica Dome

in Dolphin sets and the Equatorial area in Floating object sets [13]. Presences in the Costa Rica
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Dome are mainly in Dolphin sets, which are the primary set type used in the region. The coast

of Peru and Galapagos are the secondary hotspots forM.mobular captures, which occur

mainly in School sets in these areas. The different fishing sets could be indicative of different

schooling behavior depending on different oceanographic conditions. That could result in

indications of regional preferential environmental conditions ofM.mobular linked to similar

oceanographic conditions of the tuna schools associated to different type of sets. Similarly,

other species of devil ray have been observed feeding on baitfish alongside dolphins in the east-

ern Pacific [87]. These suggest that the presence ofM.mobular in School and Dolphin sets on

tunas could be a result of foraging on zooplankton in high-productivity regions where tunas

are also likely to be found. In contrast,M.mobular was notably rare in Floating object sets,

suggesting that they are not generally attracted to FADs (unlike tunas or sharks), and instead

target higher productivity regions to feed, as reflected in the model results. This conclusion is

supported by the prediction maps by set type (Fig 6), as well as by the results from the model.

Despite Floating object sets exhibiting the highest bycatches for other species group in the east-

ern Pacific Ocean tuna purse-seine fishery [26, 88], our model accounted for a very low overall

mobulid bycatch for this type of set. That could be related to the lack of overlap between the

spatial dynamic of floating object fishery and mobulids preferential habitat.

With respect to temporal variability, the model predicted higher presence of the species

during late northern winter (December-January) and summer (August). Previous studies [19]

established that these seasonal distributions could be related to food availability. For example,

as filter feeders, whale sharks can be attracted to high productivity systems that create

increased zooplankton biomass [89–91]. Similarly, mobulid rays’ spatial distributions and

aggregations are thought to be explained by the seasonal distribution of prey species [22, 45,

92–94]. Studies reporting on the stomach contents, and carbon (ᵹ13C) and nitrogen (ᵹ15N) sta-

ble isotope characteristics of mobulid species have shown direct relationships between their

spatial distribution and food availability in tropical and subtropical areas. This is because most

of the diet of mobulids made up of zooplankton and occasionally small fishes [22, 53, 87, 95,

96]. For example,Mobula thurstoni has been primarily observed feeding on euphausiids [97],

but also on mysid shrimps [22]; whileMobula munkiana has been observed feeding on the

mysidMysidium sp. [22, 98]. Rohner, Burgess [16] found seasonal distribution patterns of

mobulids species in the Bohol Sea related with feeding habits on the euphausids krill Euphau-
sia diomedeae during six months (November to May). This species of krill was recorded in

91% of the stomachs ofMobula japanica (nowM.mobular) andM. thurstoni, while squid and

fishes were also found inMobula tarapacana’s stomach content and myctophid fishes and

copepods inMobula birostris stomachs. With respect toM. japanica, Masangcay, Metillo [99]

established its diet using data on its stomach contents and stable isotopes in Philippines. The

authors concluded that most of the stomach content ofM. japanica was composed of the tropi-

cal krill Pseudeuphausia latifrons during January to May, which coincides with the season

when upwelling occurs throughout the area, and therefore, when the krill is most abundant.

In the case of the Pacific Ocean, most of the studies of prey preference ofM. japanica based

on its stomach contents are limited to the Gulf of California [22, 98] where the euphasiid Nyc-
tiphanes simplex appears to be the main prey ofM.mobular [22, 98]. Notarbartolo-di-Sciara

[22] found that 99.6% of the stomach content ofM.mobular was made up of N. simplex, and

thatM.mobular sightings seemed to coincide with periods of high N. simplex biomass. Our

modeled distribution patterns support the hypothesis that the presence ofM.mobular is

directly related with areas and seasons of food availability, represented by areas of high con-

centration of chlorophyll (considered a proxy of food availability) in upwelling systems during

winter and during summer. In the case of the Gulf of California, presence ofM.mobular was

predicted for this area by our model, but was not identified as one of the main areas of
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importance in this study. This is because the fishing activity and catches of tuna by purse sein-

ers are not large in the Gulf of California and, thus, the model is not predicting a large hotspot

due to limited presence data in the region. Therefore, based on the limited data available ofM.

mobular from the bycatch database in the Gulf of California, our model results do not neces-

sarily reflect the true relative abundance ofM.mobular as compared with other regions such

as Peru, Galapagos, and the Costa Rica Dome.

Future challenges

One of the main challenges in ecology is correctly describing and understanding the processes

that determine the distribution of organisms, as these processes are inevitably associated with

a degree of uncertainty [100]. Identifying the factors that could cause this uncertainty may

help to obtain better future model performance. There is not a single best model for evaluating

habitat preferences and distributions of species, and the choice of the model type and the vari-

ables selected should be driven by the objective of the study [101].

In this study, Generalized Additive Models allowed us to predict the distribution ofMobula
mobular bycatch species in the eastern Pacific Ocean with good predictive power. However,

the use of bycatch data from a fishery that is focused on catching tuna and not mobulids leads

to limitations in how the results can be interpreted [34]. This is particularly true for the areas

where the fleet does not operate or partially operates, such as the Gulf of California. In the case

for other areas, where the effort is important the results could be considered sound. To account

for these potential biases in the fishery-dependent data source, future studies should attempt

to include additional data sources such as acoustic and/or satellite tag data or fisheries-inde-

pendent surveys for validation of the models.

The quality of model outputs depends greatly on the input variables (biological data and

environmental data) [102]. The presence ofM.mobular was modeled instead of the abundance

in order to better characterize the fundamental relationships between species distribution and

environmental variables. However, other techniques (such as Maximum Entropy Models,

Bayesian Approaches, Random Forests, etc.) should be applied in future studies to model the

presence but also the seasonal abundance of the species. Additionally, the inclusion of zoo-

plankton data could improve the model performance and help to identify seasonal patterns of

M.mobular in areas of high zooplankton abundance. Specifically, data on Nictiphanex simplex
biomass, which is the main prey ofM.mobular based on studies conducted in the eastern

Pacific, could be included in future habitat and distribution models. Unfortunately, the

bycatch monitoring program and fisheries databases do not typically collect this type of data,

so other sources should be explored or future data collection efforts undertaken [34].

Conservation challenges

For any effective fishery management regulation, a good knowledge of the habitat of the spe-

cies is essential to minimize the interaction of the fisheries with the most vulnerable species

[32]. Fishery-dependent data can provide a long time-series, wide spatial coverage all year-

round when long-term monitoring data over board geographical ranges are limited [103]. Yet

little is known about the biology and distribution of mobulid ray species, especially because

they are difficult to study in the wide oceanic habitat, even if they are aggregated in specific

regions [104]. In that sense, SDMs, based on fishery observer programs, could be used to pro-

vide essential knowledge about their spatial distribution and to identify biological hotspots

and the ocean environment that characterizes them [32, 57]. This knowledge will be funda-

mental to develop effective spatial fishery management regulations which could halt the reduc-

tion of vulnerable populations such as mobulids.
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Hotspots could vary temporally and spatially, for example those related to mesoscale pro-

cesses (i.e. fronts and eddies), but they can also be related to physical features that persist

through the year. Both type of hotspots are ecologically very relevant; which could be used to

implement spatial (adaptive) management plans [57]. For example, regions of high productiv-

ity, where mobulids and tunas could show variable degree of distribution overlap depending

of the time of year [57]. Some productive areas, such as north off Peru or Galapagos, show

importantM.mobular hotspot totally overlap with the main fishing ground of tropical tuna

purse seine at the same time (e.g. from December to February); which difficult the application

of possible management measures. In contrast, consistent (year by year) high aggregations of

mobulids have been found during late July-early August in the Costa Rica Dome [13]. Despite

the fishing effort (in Dolphin sets) is not low in this area during this period, possible manage-

ment options could cover a shorter and narrower period compared with the areas of Peru and

Galapagos. At the same time, the fishing effort (mainly in Dolphin sets) is also important on

other areas of the Convention area (such as north of equator between 10–25˚ N), during this

period; where mobulid species seem not to be aggregated (see S4 Fig). The location of the

Dome changes over the year [56] and presents important oceanographic characteristics (high

concentration of chlorophyll, low values of oxygen) which attract large concentration of

marine species from zooplankton to top predators [79]; including high aggregations ofM.

mobular during summer. Understanding the position and extent of the Dome would be, there-

fore, of great relevance for the management and conservation of this species in this area.

Future studies should address the habitat use and the spatial distribution of the different

mobulid species in this area, as well as the study of the possible effect of environmental changes

(El Niño or climate change) on their distributions. The identification and description of

dynamic habitats (based on dynamic maps of biological hotspots) like the Costa Rica Dome

could allow to develop habitat-specific (adaptive) management strategies based on natural sys-

tem variations.

There has been a notably increase in the number on mobulid species publications (concern-

ing photo-ID studies, aerial surveys, bycatch and tagging studies). There are major knowledge

gaps yet in areas such as taxonomy, life history (age and growth and mortality), population

trends, movements or spatial dynamics [6, 10], which are critical for performing stocks assess-

ments. There are usually few species-specific datasets of fishery statistics and biological data

available to develop robust stock assessment models to support the development of appropri-

ate management measures [105]. Therefore, alternative methods are required in such data-

limited situations that can provide fishery managers with sufficient information to prioritize

potential species of concern. IATTC [106] employed Ecological Risk Assessment (ERA) and

specifically, Productivity-Susceptibility Analysis (PSA), as an alternative assessment approach

to determine the relative vulnerability of data-limited bycatch species impacted by fisheries in

the EPO, including mobulid rays. However, for developing correct PSA analyses good knowl-

edge of the distribution of the species is required. In that sense, the species predicted distribu-

tion maps provided by the SDMs could fill this knowledge gap. More recently, Griffiths,

Kesner-Reyes [107] developed a flexible quantitative approach that uses less input parameters

than PSA to quantify the cumulative impacts of multiple fisheries on data-poor bycatch spe-

cies. Application of this new approach to EPO industrial longline and purse-seine fisheries to a

range of species group with varying life histories, includingMobula mobular, is currently in

progress. Until these new methods can be fully implemented to advice in specific management

measures, measures such as spatial management measures are required to ensure mobulid’s

survival. For that, SDMs could be used to identify specific-spatial management measures to

mitigate the mortality of the species with the least possible impact on fishing operations.
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Based on the old bad practices applied to release mobulid rays from the purse-seiners [14],

the IATTC implemented a resolution (C-15-04) to prohibit retaining mobulids onboard and

to apply new release handling techniques. As most of the mobulid rays caught by the purse

seiner fishery are considered mortalities by the IATTC even if they are released, the reduction

of post-release mortality of mobulid species in the tropical tuna purse-seine fishery is a chal-

lenge for their conservation in the eastern Pacific Ocean [10]. To date, the factors driving the

changes in mobulid ray populations have not been well understood, but it is believed that the

modification in the handling behavior of the fishermen could contribute to halt the population

declines and ensure their survival [5, 13, 108]. Francis and Jones [20] found that the handling

techniques used after capture mobulids may strongly influence their post-release survival.

Therefore, there is a need to find handling best practice to increase their post-release survival,

as well as to evaluate the post-release mortality of mobulid capture incidentally in the purse-

seine vessels [10]. New handling practices developed in the purse seiners fishery [108] showed

very encouraging results, with significant reductions in capture mortality when good practices

are implemented (M. A. Hall, personal communication); which should be extended to all

oceans where tropical tuna purse seiners are operating.

Finally, and despite the actions by some countries (Australia, Brazil, the Member States of

the European Union, Israel, Mexico, Ecuador, New Zealand, and the Maldives) to offer

increase protection for mobulid species impacted by fisheries [5], other threats, such as habitat

destruction, pollution, unregulated tourism or climate change are still affecting their popula-

tions. Therefore, for the implementation of successful measures to reduce the mortality of

these species in purse seiner fisheries, it is necessary the involvement of all stakeholders (the

scientists, industry, governments and the ONGs) in the discussions and decision making pro-

cess to achieve the common goal of conserving these iconic species.

Conclusions

This study improves our understanding of the spatial, temporal and environmental prefer-

ences ofMobula mobular in the tropical eastern Pacific Ocean based on purse-seine fishery-

dependent data using Generalized Additive Models (GAMs). The model results suggested that

M.mobular distribution is directly related to highly productive oceanographic features that

occur in the eastern Pacific Ocean, such as the Peru and Galapagos upwelling systems and the

Costa Rica Dome. Chlorophyll and sea surface height were the main oceanographic variables

that explained the distribution of the species in the study area, and Dolphin and School sets

dominated the mobulid presence events while fewer probability of presences occurred in

Floating object sets. The results also showed that the Costa Rica Dome could be considered as

an area of interest for mobulids conservation. This information is crucial to identify the

dynamic of mobulids habitats that could be managed and protected under dynamic spatial

management measures to reduce the mortality of mobulid rays in the eastern Pacific Ocean

and, hence, ensure the sustainability of the populations of these iconic species.
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