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Abstract

Investigating the relationship between abundance and environmental conditions is of primary importance for
the correct management of marine species, especially highly migratory large pelagic species like silky sharks
(Carcharhinus falciformis), a species that is currently ranked by the IUCN as near threatened or vulnerable,
depending on the region. Tropical tuna purse seine vessels annually catch millions of tons of tuna worldwide.
However, fishing may have implications on certain sensitive by-catch species, along with other potential impacts
on the ecosystem. This work aims to provide the first insights into the environmental preferences of silky sharks
by modelling their abundance from observer data with a set of biotic and abiotic oceanographic factors, spatial-
temporal terms and fishing operation variables. This work considers Spanish observer data (IEO and AZTI
database) from 2003 to 2015, and comprising ~7500 fishing sets for the Atlantic Ocean. Oceanographic data (SST,
SST gradient, salinity, SSH, CHL, CHL gradient, oxygen, and current information such as speed, direction and
kinetic energy) were downloaded and processed for the study period and area from the MyOcean-Copernicus
EU consortium. Results provide information on the dynamics and hotspots of silky shark abundances as well as
the most significant habitat preferences of the species. Models detected a significant relationship between
seasonal upwelling events, mesoscale features and shark abundance and suggested strong interaction between
productive systems and the spatial-temporal dynamics of sharks. The model also highlighted certain persistent
areas of shark occurrence. This information could be used to assist t-RFMOs in the conservation and management
of this vulnerable non-target species.
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INTRODUCTION

According to the International Union for Conservation of Nature (IUCN), the silky shark (Carcharhinus falciformis)
is near threatened or vulnerable, depending on the ocean. Whereas the silky shark population in the Indian and
Western and Central Pacific Oceans seem to be near threatened, this species population appear to be vulnerable
in the Atlantic and Eastern Pacific Oceans. Many fishing gears catch silky sharks, either as target or non-target
species. In the case of the purse seine fishery targeting tropical tuna (Skipjack Katsuwonus pelamis, yellowfin
Thunnus albacares and bigeye Thunnus obesus), this species is the most common shark species in the bycatch
(Amande et al. 2010). The catch rate appears particularly significant when fishing on fish aggregating devices
(FADs) (Dagorn et al. 2012), which showed a high increase in the effort in the last decades (Fonteneau et al.
2013). Besides, the ghost fishing events produced by entangling drifting FADs may be of an important magnitude
(Filmalter et al. 2013).

Because of the status of this species may be in decline, the principal tuna Regional Fisheries Management
Organizations (t-RFMOs) have already launched pelagic shark investigation programs and some conservation and
management measures (CMM) have been already adopted (e.g. Resolution 13/06 of IOTC, Recommendation 11-
08 of ICCAT). In addition to this, other mitigation measures have been considered recently by scientist and
industry, particularly those related to measures that can be applied before and after the set was conducted. For
example, since 2013 EU fleets are almost exclusively implementing the use of non-entangling FADs (Franco et al.
2012; Goujon et al. 2012; Lopez et al. 2017) and new best releasing practices have been adopted in agreement
with fishers (Gofii et al. 2015). Also recently, studies on the post-release mortality of silky sharks have been
conducted, which provide very interesting and complementary information on the potential impact of certain
fisheries on this species (Poisson et al. 2014). Other studies have investigated fine-scale movement behavior
(Filmalter et al. 2015) and feeding ecology (Filmalter et al. 2016) of the species to improve the knowledge on
their biological traits.

However, little is known on the silky shark habitat preferences (Amande et al. 2008). Identifying the habitats of
migratory marine species is key for both single species and ecosystem-based fisheries management, particularly
when the distribution of these habitats vary temporally (Brodie et al. 2015). In that sense, species distribution
models that include spatial-temporal, physical and biological environmental predictors can be used to achieve
this goal. Identifying relationships between certain specific environmental conditions, locations, seasons and
silky shark occurrences may lead to develop potential mitigation measures, such as silky shark seasonal
prediction maps, and assist t-RFMOs in a better management and conservation of the species.

MATERIAL AND METHODS

Fisheries data

Spanish tropical tuna purse seine observer data for both AZTI and IEO research organizations were obtained from
a consolidated fisheries observer program facilitated by the European program of data acquisition ‘Data
Collection Regulation’ (DCR). These data consist of set-recorded locations of target and non-target fish captures.
The data were spatially confined to the Eastern and Central Tropical Atlantic Ocean (20°S—23°N and 45°W-12°E;
Fig. 1) and temporally limited from 2003 to 2015 to match the availability of the best quality observer data.

Information about fishing sets was collected by observers aboard 33 Spanish tropical tuna purse-seiners during
336 fishing trips. A total of 7296 fishing sets were observed, corresponding to 5253 fishing days. Observers collect
data on the incidental mortality of non-target species and details of fishing operations. For each fishing set, the
observer records the quantity in weight or number and average estimate of the bycatch in weight or length for
each species. Additionally, these observers collect data on the local environment (i.e., sea surface temperature,
SST), the rough amounts and species of tuna caught, and fishing-related activity. The number of silky sharks
caught per set during the fishing trips was not always available because observers sometimes only recorded a
total and/or an average weight of sharks caught. In such cases, data were converted into numbers using



published Length-Weight relationship W = 2.103 * L 323 (Froese and Pauly 2008). The term bycatch will be used
herein in place of ‘catch’ to refer to the incidental mortalities of any non-target species.

For the 7296 fishing sets observed aboard Spanish purse seiners from 2003 to 2015, a total of 12705 silky sharks
were recorded as bycatch. The silky sharks appeared in ~30% of the total sets (Fig. 2). The average numbers of
silky shark per set were 1.74 and 6.38, for total sets and positive sets, respectively. The length frequency of the
silky sharks ranged from 30 to 250 cm, but was dominated by the 90-130 cm individuals (Fig. 3) corresponding
to immature individuals (Bonfil 2009). A very negligible part of the measured silky sharks (<0.5%) were above
240 cm (Fig. 3), which is the total length for first maturation in the Eastern Atlantic Ocean (Bonfil 2009). Thus,
the model developed in this study should be considered almost exclusively for juveniles and pre-adults of silky
sharks.

Environmental data

Physical and biological environmental covariates were collated for each fishing set location, sourced and
extracted using python routines and motu-client from the MyOcean-Copernicus EU consortium
(http://marine.copernicus.eu/) and are: (i) daily sea surface temperature (SST; °C; 1/4° spatial resolution); (ii) the
SST gradient derived from daily SST analysis as the increase/decrease of temperature in each pixel over an 7-day
period (SST grad; °C; 1/4° spatial resolution); (iil) daily sea level anomaly (SSH; m; 1/4° spatial resolution); (iv)
daily eddy kinetic energy derived from altimetry (EKE; m? s *%; 1/4° spatial resolution); (v) daily salinity (Sal; g/kg;
1/4° spatial resolution); (vi) daily u and v vectors of current (UV; m/s; 1/4° spatial resolution); (vii) daily heading
and speed of current derived from UV (Head, Speed; °, m/s; 1/4° spatial resolution); (viii) monthly chlorophyll
concentration (CHL; mg m3; 1/4° spatial resolution); (ix) the CHL gradient derived from monthly CHL analysis as
the increase/decrease of CHL amount in each pixel over an 31-day period (CHL grad; mg m3; 1/4° spatial
resolution); and (x) monthly oxygen concentration (Oz; mg/l; 1/4° spatial resolution). To account for potential
community effect (i.e. silky sharks may show traits of social behavior when are juveniles), total by-catch of each
fishing set, excluding sharks (in tons), were included in the analysis.

Some spatial-temporal variables were also considered as potential variables for the model, such as latitude,
longitude, year, month, time of the day when the set was conducted, natural day (calendar day:1 to 366), quarter,
etc. Although most of these variables are not directly related to environment, they may help identifying hidden
mechanisms or processes occurring at different time and spatial scales in our study area.

Regime shifts identification

A first exploratory analysis of the spatial-temporal distribution of silky sharks showed that species occurrences
appear to be variable in time and space (Fig. 4). Because natural quarters do not necessarily represent the more
ecologically meaningful scenarios, we develop a new method based on statistical significance of changes of the
most common oceanography variables. First, oceanographic variables were averaged for each day of the year
using data from the study period (i.e. 2003-2015). Second, potential points of statistical changes were identified
for each oceanographic variable, using the changepoint package (Killick and Eckley 2014). In a third step, obtained
change point candidates were confirmed or rejected as change points using the package Causallmpact
(Brodersen et al. 2015), a library using Bayesian procedures to investigate whether the origin of statistical
changes is due to random effects or not.

The statistical tests performed in the current study identified three environmentally different seasons
throughout the year, separated by the calendar days 155, 240, 290 (Fig. 5). The year dynamic is primarily
dominated by a not very productive warm and stable season, going from late September (i.e. day 290) to early
May (i.e. day 155) (stable season). From early May to the end of August (i.e. day 240), however, the
environmental conditions and mechanisms appear to change and the system suffers a significant change. During
this period, the productivity of the system increases, while decreasing the SST and increasing the amount of
dissolved oxygen in the water (cooling season). A third period starting in the end of August (i.e. day 240) and
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going until late September (i.e. day 290) completes the annual cycle and provides the system the opportunity to
return to the predominant environmental situation, warming the sea surface and reducing the exceptional
summer productivity (warming season). Thus, three seasons were identified by the analysis: stable, cooling and
warming seasons. The identified oceanographic regimes will provide the best spatial-temporal windows to be
used in the prediction part of the study.

Statistical model

As a preliminary exploration of the available covariates we used a recursive partitioning product, called Random
Forest, available in the package PARTY (Hothorn et al. 2015) in the statistical language R (Team 2013). The aim
was to explore the relative effect of covariates on the dependent variable (Dell et al. 2011). Predictor covariates
were examined for correlation using pair plots and Pearson’s rank correlations (Fig. 6). To avoid correlation, one
covariate from covariate pairs with a correlation > 0.7 and < -0.7 was removed from the variable selection process
(Dormann et al. 2013; Hassrick et al. 2016). As an additional measure to avoid collinearity, a variance inflation
factor analysis (VIF), from the package usdm (Naimi 2015), was conducted using a cut-off value of 3 (Zuur et al.
2009). Based on obtained results, Quarter, Month, Oz and speed were removed owing to correlation/collinearity
with more ecologically important variables. All other covariates available for model selection had low cross-
correlation and cross-collinearity scores.

In order to find the best distribution family to be used in the explanatory model, we carried out two statistical
tests. An over dispersion test for our shark count data showed that over dispersion existed, and thus, the use of
Negative Binomial distribution is recommended over a Poisson distribution (Wood 2006). Similarly, a zero-
inflation test was conducted using function vuong of the package pscl (Jackman 2008), which showed that no
excess of zeros was expected. These results confirmed that simple negative binomial distribution should be used
in this particular study.

As an additional exploratory measure, univariate GAMs (Generalized Additive Models; Hastie and Tibshirani
(1986)) were established for each covariate considered in the study. These informative models will provide
knowledge on both the potential relationship of the response variable with each covariate and their raw likely
contribution to the deviance explained.

Model covariates were selected using backward stepwise procedure (Wood 2006). To avoid over-fitting and to
simplify the interpretation of the results, the maximum degrees of freedom (measured as number of knots k)
allowed to the smoothing functions were limited to the main effects at k = 6 and, for the first-order interaction
effects, at k = 20 (Giannoulaki et al. 2013; Jones et al. 2014). The model with the lowest Akaike information
criterion (AIC, Akaike (1974) was chosen as the final model. Calendar year (Year) was included in the model as a
random effect spline smoother to account for inter-annual variability in shark abundance and fishing effort
(Wood 2006; Brodie et al. 2015).

The final notation for the GAM model was:

Abundance ~ s(Longitude, Latitude, k=20) + s(YearDay, k=6) + s(TotalBC, k=6) + s(SSH, k=6) + te(SST, SST grad,
k=20) + te(CHL, CHL grad, k=20) + Yearrandom

Where Abundance is the count of silky sharks in each fishing set, s represents a penalized regression spline type
smoother based on generalized cross-validation (GCV), and te represents a tensor product smooth, a more
satisfactory approach when both arguments of the same smooth are measured in fundamentally different units
(Wood 2006).

The term s(Latitude, Longitude) measures the nonparametric spatial component of the shark abundance (Cortés-
Avizanda et al. 2011). Although a preliminary analysis with a non-parametric spline correlogram (Bj@rnstad and
Falck 2001) suggested that the count data for silky sharks lack spatial autocorrelation, we included the spatial
term in the model to check whether some spatial residual variation can be detected after estimating the
covariate effects (Cortés-Avizanda et al. 2011).

All the models and analysis were conducted in the statistical language R (Team 2013).



Model validation and prediction

A jackknife procedure with 100 iterations was conducted to assess the consistency and robustness of the final
model. In each repetition, 20% of the data was randomly left out and the model was fitted with the remaining
80%. Both AIC and deviance explained of the models were highly stable and converged fairly (quartiles of 25, 50,
75 for AIC 12832, 12901, 12989; and Dev. Expl: 31.9, 32.7, 33.3), suggesting that the model is independent to the
data used and that performs reasonably well.

Averaged values of the environmental parameters included in the model per each calendar day were used to
develop 366 predictions based on the final model (one per day). Density of sharks were averaged per each
environmental regime identified previously (stable, cooling and warming seasons). Similarly, the standard
deviation was also calculated for each regime.

RESULTS

Some environmental covariates were retained in the final model (Table 1), which suggested complex
relationships between certain oceanographic conditions and silky shark abundance. The model achieved a 32%
of deviance explained, which is a reasonably good score. Smoothing factors were retained in the final model for
Latitude and Longitude interaction, Calendar day, total bycatch, SSH, SST and SST gradient interaction, and CHL
and CHL gradient interaction. The model highlighted two main areas with higher shark abundance, the first
located off Gabon and the second off Guinea. In addition to those potential hotspots areas for silky sharks, the
model also identified the southern part of the central Atlantic Ocean as an area with higher abundance of silky
sharks (Fig. 7). Calendar day had a strong influence on silky shark intensity, with the abundance peaking after
~250 days (Fig. 7). A positive pattern between shark abundance and the total bycatch occurred as well, with silky
sharks showing a positive trend in abundance with increasing total bycatch (Fig. 7) The optimum SSH for silky
shark abundance ranged between 0 and -0.1 m SSH (Fig. 7). Silky shark abundance peaked at relatively fast
cooling waters of ~24-26 °C (waters that has decreased their temperature in about 3 ©C in a week; Fig. 7). The
CHL and CHL gradient interaction was strongly correlated with silky shark abundance, with an overall increase in
shark abundance with waters significantly increasing their CHL concentration.

The predictions established by the model for the three different environmental regimes (stable, cooling, warming
seasons) showed temporal variability in the shark intensity but also persistency in the spatial component (Fig. 8).
The areas off Gabon and off Guinea were always locations of high shark abundance, being greater during
warming and stable seasons than in the cooling period. It is interesting to note that the area of the southern part
of the central Atlantic Ocean also predicted high intensity of shark abundance. However, this area also showed
higher standard deviation values than other areas of the study (Fig. 8), suggesting that results may be a bit less
confident in there, particularly off Brazil, where no observations were obtained from observer data.

DISCUSSION

The present work found relationship between silky sharks abundance and high productivity, which is in
agreement with previous works that relate productivity features with large pelagic predators (Bakun 1996;
McGlade et al. 2002; Humphries et al. 2010; Tew Kai and Marsac 2010; Marsac et al. 2014; Mugo et al. 2014;
Potier et al. 2014; Young et al. 2014). Results showed that silky sharks may be strongly associated to areas of
high productivity, likely produced by mesoscale features like eddies or seasonal or permanent upwelling events
or domes. In fact, negative SSH anomalies are usually related to divergence areas and productive processes
(Lopez-Calderon et al. 2006; Kahru et al. 2007; Tew Kai and Marsac 2010), and the interaction between SST and
SST gradient, as well as the interaction between CHL and CHL gradient, showed that silky sharks are likely related
to short term oceanographic mechanisms where water is cooling and gaining chlorophyll. Up to date, very few
studies have tried to relate environmental conditions and silky shark abundance. Recently, a Maxent model has



been developed to better understand the potential impact of climate change on silky shark future distribution
(Lezama Ochoa et al. 2016). Likewise, Lezama-Ochoa et al. (2015) analyzed the relationship between bycatch
biodiversity of tropical tuna purse seine fishery in the Western Indian Ocean and certain environmental variables.
The study found potential relationship between productive areas and higher biodiversity of the bycatch. The
results of the current study may be in accordance with this idea as well. However, there is no specific mention
to silky sharks in the work published by Lezama-Ochoa et al. (2015), as the study used different biodiversity index
from the pelagic ecosystem as a whole for the analysis. Complementary species-specific analysis and distribution
models should be conducted for the most representative and sensitive species and compared to previous results
in the field, to gather and integrate information in a more holistic view towards an ecosystem-based fishery
management (Pikitch et al. 2004).

Studies investigating the relationship between fronts and species distribution have been very helpful for the
correct management and understanding of some large predators (Bigelow et al. 1999; Andrade 2003; Chassot et
al. 2011; Belkin et al. 2014; Hobday and Hartog 2014; Mugo et al. 2014; Sagarminaga and Arrizabalaga 2014;
Tseng et al. 2014; Nieto et al. 2015; Xu et al. 2015). In this work, we found relationship between silky sharks and
certain oceanographic features of high productivity (likely translated in eddies, mesoscale features or seasonal
upwelling events), as well as with some specific areas, but not particularly with fronts. Future analysis should
include temperature and chlorophyll fronts in the models (intensity of the fronts, distance to the nearest front,
etc.) and investigate this potential relationship in detail, as silky shark may be associated with fronts or areas
with high front occurrences. Using specific algorithms developed to detect fronts, as the one developed by Cayula
and Cornillon (1992), may provide interesting information that could complement current results for a better
management of the species.

The model highlighted the vital importance of the areas off Gabon and off Guinea, as well as the southern part
of the central Atlantic Ocean, for silky sharks. These hotspots, persistent at different scales throughout the year,
seem to be key for juveniles of silky sharks. Other studies should conduct similar investigations for further life
stages using data from observers or alternative fishery or non-fishery data sources. Results would be interesting
to complement current results and obtain holistic models for the whole ontogeny of the species and would assist
in the development of life stage-specific measures, if needed.

Although different methodologies and models such as the Bayesian-based zero-inflated Poisson (Amandeé et al.
2008) and the zero-inflated negative binomial (Minami et al. 2007) have been used so far to model silky shark
bycatch, the statistical tests performed in the current study showed that the best distribution model to be used
with our particular dataset was the simple negative binomial. Moreover, these studies were not focused
specifically on investigating the relationship between silky shark abundance and environmental conditions.
Instead, they were primarily oriented to better understand the bycatch rate of this species in the tropical tuna
purse seine fishery of the Western Indian Ocean (Amande et al. 2008) and the Eastern Pacific Ocean (Minami et
al. 2007). Investigating reasons potentially explaining bycatch rate of silky sharks in relation to fishing activity
factors in the Atlantic Ocean may help producing offsets for future models, as well as provide complementary
information to be used in the development of effective conservation and management measures. Indeed,
combining both environmental studies and models explaining the bycatch rate in relation to fishing activity (i.e.
time of the day when the set was conducted, size of the net, etc.) would be of primary importance to develop
science-based CMMs and may efficiently contribute to mitigate the impact of the fishery on the species.

Because model has been validated, results appear to be consistent and promising and the methodology
developed to identify regime shifts provides valuable progress in the field. Using the averaged values of the
oceanographic parameters for the new regimes, this study provides the first prediction maps for each of the
potential environmental scenario occurring all over the year, instead of providing maps for ecologically not-
meaningful quarters. Similarly, and following the methodology and the idea suggested by Hobday et al. (2011),
results of this study may also be used to produce monthly forecasting maps of potential future silky shark
hotspots, which could be developed almost in real time to provide information in advance to assist management
organizations and fishing industry on the best areas to avoid, if necessary.

Additionally, similar habitat models should be carried out for other target and non-target species, which would
provide with very interesting and key information on the spatial-temporal distribution of important species.
Combining models’ information may provide maps of potential overlap of target and non-target species and may
help developing predictions with potential ratios of target/non-target species.



Initiatives like the present work are highly necessary and may significantly help reducing the mortality of a
species, improving selectivity by avoiding interaction between fishing gears and species. The outcomes of the
present work should be discussed with t-RFMOs, managers and fishers during local and international workshops
to better understand the applicability of the results and identify potential responses of the fleet and their
dynamics in relation to it. These kinds of initiatives are very temporary and may significantly improve and
complement ongoing initiatives like best releasing practices (Gofi et al. 2015) or the deployment of non-
entangling FADs (Franco et al. 2012) that aims to reduce the mortality of this shark species.
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Table 1. Multi variable-based GAM for silky shark.

Approximate significance of smooth terms:

edf p-value
s(Longitude,Latitude) 18.157 <2e-16 ***
s(YearDay) 4.579 2.85e-16 ***
s(TotalBCW) 1.989 0.00533 **
s(SSH) 4.466 6.05e-14 ***
te(SST, difSST) 19.730 2.57e-08 ***
te(CHL,difCHL) 18.812 1.00e-09 ***
Yearrandom 10.753 < 2e-16 ***

Signif. codes: 0 “***0.001 “**" 0.01 “*'0.05‘"0.1°"1

R-sg.(adj) = 0.0847 Deviance explained = 32%
-REML = 8157.8 Scale est. =1 n=6653

* Fishing Effort
* Silky Shark
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Figure 1. Spatial distribution of fishing effort (fishing sets, in black) as well as locations for sets were silky shark
presence was detected (in red).
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Figure 2. (a) Fishing set histogram of null and positive values of silky shark bycatch (b) Frequency histogram (in

number) of sikly shark bycatch
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Figure 3. Histogram of size frequency (top) and accumulative histogram of size frequency (bottom) of the sharks

investigated in this study.
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Figure 4. Heatmaps of the spatio-temporal distribution of silky sharks in the central and eastern tropical Atlantic
Ocean. Showed, for information, the fishing effort and distribution of the sets used in the present study (blue
dots).
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Figure 3. Annual averages for each of the oceanographic variable used in the regime shift identification analysis
and their corresponding statistical change points (vertical blue lines).
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Figure 6. Pearson correlation figures and scores among all the covariates considered in the present study.
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Figure 4. The partial effects of each individual covariate (Calendar Day, Total BC, SSH) are plotted as smoothed
fits. Broken lines correspond to 2 standard errors, above and below the estimate of the smooth being plotted.
Short vertical lines located on the x-axes of each plot indicate the values at which observations were made. The
partial effect of the two-dimensional terms (latitude and longitude; SST and SST gradient; CHL and CHL gradient)
are represented in surface plots.
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Figure 5. Averaged predictions of shark density (top) and standard deviation (bottom) for the three
environmental regimes identified in this study: stable (1), cooling (2) and warming (3) periods.



