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ABSTRACT

In the Eastern Tropical Pacific (ETP), a region of high
fishing activity, olive ridley (Lepidochelis olivacea) and
other sea turtles are accidentally caught in fishing nets
with tuna and other animals. To date, the interaction
between fishing activity, ocean conditions and sea tur-
tle incidental catch in the ETP has been described and
quantified, but the factors leading to the interaction of
olive ridleys and fishing activity are not well under-
stood. This information is essential for the develop-
ment of future management strategies that avoid
bycatch and incidental captures of sea turtles. We used
Generalized additive models (GAM) to analyze the
relationship between olive ridley incidental catch per
unit effort (iCPUE) in the ETP purse-seine fisheries
and environmental conditions, geographic extent and
fishing set type (associated with dolphins, floating
objects or in free-swimming tuna schools). Our results
suggest that water temperature, set type and geo-
graphic location (latitude, longitude and distance to
nesting beaches) are the most important predictor
variables to describe the probability of a capture event,
with the highest iCPUE observed in sets made over
floating objects. With the environmental predictors
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used, sea surface temperatures (SST) of 26-30°C and
chlorophyll-a (chl-a) concentrations <0.36 mg m>
were associated with the highest probability of an inci-
dental catch. Temporally, the highest probability of an
incidental catch was observed in the second half of the
year (June to December). Four regions were observed
as high incidental catch hotspots: North and south of
the equator between 0—10°N; 0-10°S and from 120 to
140°W; and along the Colombian coast and surround-
ing regions.

Key words: Eastern Tropical Pacific, General Addi-
tive Model, incidental catch, Inter American Tropical
Tuna Commission, olive ridley, purse-seine, spatial
prediction

INTRODUCTION

Human impacts on the world’s oceans are extensive
and sometimes devastating, requiring urgent manage-
ment and comprehensive research to assess marine
resources in a suitable way (Halpern et al., 2008). One
of the main activities of humans in the oceans is fish-
ing, which can cause a decline in the population levels
of target species and associated non-target species
when the fishing operations are not managed in a sus-
tainable way. A central issue of marine fisheries is
bycatch, which corresponds to unwanted species that
are caught and end up killed or severely damaged dur-
ing fishing operations (Hall, 1996; Hall et al., 2000).
Some of the negative consequences of bycatch are gear
damage, income and fishing time lost, as well as injury,
stress and death for marine animals (Hall, 1996). The
latter has been found to be a driver of population
decline in several species of mega fauna, including sea
turtles (Lewison et al., 2004).

Loggerhead (Caretta caretta) and leatherback (Der-
mochelys coriacea) sea turtles are more often caught in
pelagic long lines fishing gears, followed by olive ridley
(Lepidochelys olivacea) and green (Chelonia mydas)
(Polovina et al., 2003), hawksbill (Eretmochelys imbri-
cata) and Kemp’s ridley (L. kempii) (Ramirez and
Ania, 2000). Bycatch and incidental catch can occur
when the animals feed directly on bait, are entangled
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or incidentally captured by the fishing gear (Pinedo
and Polacheck, 2004). The probability of an incidental
catch interaction increases when the spatio-temporal
overlap between the critical habitat of the animals and
the fishing activity is large and extensive. However,
not all the interactions of fishing gear and accidentally
caught animals correspond to a bycatch event.
Bycatch refers specifically to captures ending in mor-
tality and incidental catch when the untargeted speci-
men is released alive (Hall, 1996; Hall et al., 2000).
To date, the factors leading to the incidental catch
of olive ridleys in pelagic habitat associations in the
Eastern Tropical Pacific (ETP) region have not been
well understood. Most research has focused on
describing local potential habitats of the turtles using
satellite tracking and surveys conducted at small
scales. For example, Peavey (2010) used three differ-
ent modeling techniques to describe the preferred
pelagic habitat and distribution patterns of olive rid-
leys, but the results were not fully conclusive as a
result of missing data and small sample sizes (Peavey,
pers. comm.). To determine the pelagic habitat and
population distribution patterns of olive ridley, it is
necessary to include additional abiotic and biotic fac-
tors and combine fisheries dependent and indepen-
dent data in a model. Also, the seasonal and inter-
annual variability of the population patterns can be
key components to explain distribution patterns (Pea-
vey, pers. com). For example, Roberts et al. (2009)
studied the incidental catch of olive ridley in a small
region of the ETP (7-20°N, 85-105°W) using the
Inter American Tropical Tuna Commission (IATTC)
olive ridley incidental capture data. His results sug-
gested a strong influence of intra annual variability
(nesting versus non-nesting season), sea surface tem-
peratures (SST), chlorophyll-a (chl-a) concentration
and eddy proximity over the turtle’ incidental catch
spatial distribution in the coastal region. Conse-
quently, analyzing the purse-seine incidental catch
data of olive ridley collected by the IATTC in the
ETP at a large spatial scale is valuable to develop
incidental catch risk maps (Roberts, 20006), infer
habitat preferences and establish a methodology to
analyze the same kind of data for other species of sea
turtles recorded as bycatch or incidental catch. This
can be possible through modeling the incidental
catch per unit effort (iCPUE) against environmental
predictors that have been shown to be important
characteristics of the habitat of the species.

Purse-seine fisheries in the Eastern Tropical Pacific

During the 1950s, the ETP tuna fisheries started to
use purse-seine nets. The tuna school is encircled

with a large net (Hall and Roman, 2013), and then
the bottom of the net is closed (‘pursed’) (Franco-
Gonzales et al., 1998). Tunas are captured under
three circumstances: (i) Log or FAD (Fish Aggregating
Device) sets: here, tuna are caught under or near
floating objects. Usually, fish are attracted to floating
objects for food and protection from predators. This
method often leads to a high bycatch and incidental
catch because floating objects attract a large number
of untargeted marine species. The catches made over
floating objects contains a wide variety of animals,
including other tuna-like fishes, sharks, some bill-
fishes and turtles (Hall and Roman, 2013); (ii)
School sets: tuna are captured swimming or feeding
on schools of prey, but not associated with floating
objects or dolphins. The accidental catch and
bycatch are generally less diverse than the ones
made over or near floating objects. Primary bycatch
is other tuna-like fishes (Hall and Roman, 2013);
(iii) Dolphin sets: tuna schools are found associated
with dolphins (Franco-Gonzales et al., 1998; Hall
and Roman, 2013). This type of fishing was tem-
porarily reduced in the early 1990s owing to ‘tuna
safe’ fishing requirements by the U.S. and European
markets, leading to an increase in log sets and free
school fishing (Hall, 1996). In the context of purse-
seine fishing, the catch of olive ridley, in most cases,
does not end with the death or injury of the turtle
(Hall and Roman, 2013; Bourjea et al., 2014),
because the turtles are carefully released. Conse-
quently, sea turtles captured in this fishery usually
represent incidental catch but not bycatch (Hall,
1996).

Of the sea turtles present in the eastern Pacific,
the olive ridley is the most numerous, and, there-
fore, it provides the best database to study the inter-
actions with the fishery and the environment. In
addition, the nations that participate in ETP fish-
eries have passed a number of resolutions to mini-
mize the bycatches of all sea turtle species (ATTC
resolution on bycatch, http://www.iattc.org/Resolu-
tionsactiveENG.htm). Evaluation of the environ-
mental characteristics of high incidental catch and
bycatch areas is expected to contribute to this man-
agement goal.

We used generalized additive models (GAM) to
identify hotspots of high incidental catch probability
regions during purse-seine operations based on envi-
ronmental and spatial variables. Additionally, the
variables used can also have an influence over the dis-
tribution of olive ridley observed by the fisheries for
tuna in the ETP, which also help to detect hot spots of
high incidental catch probability. We utilized GAMs
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because of its statistical robustness, the capability to
handle a variety of probability distributions of the
response and to show non-linear responses through fit-
ting smooth functions to the predictor variables. Also,
GAMs have been widely used as a statistical modeling
tool to analyze relationships between species distribu-
tion and the environment.

Our study was based on fitting non-parametric
smoothing functions that allow a flexible interpreta-
tion of a complex species response to the environment
as in the case of the olive ridley oceanic habitat in the
ETP region (Leathwick et al., 2006). Because the
study is restricted to fisheries-dependent data, we iden-
tified characteristics of the environment and fishing
behaviors that are most closely associated with inci-
dental catch probability, rather than a comprehensive
evaluation of olive ridley habitat.

shifts in the oceanographic conditions and spatial-
temporal differences in resources distribution (Fiedler,

1992).

Olive ridley records

The IATTC provided the olive ridley records used for
this study (Fig. 1). Since 1979, the IATTC has been
placing observers on-board purse-seine fishing vessels
of cooperating nations that fish tuna in the ETP
regions. Originally, the data collected were used for
tuna population assessments to understand the spatial
overlap and interactions between dolphin and tuna,
and to identify methods to reduce dolphin mortality
(IATTC, 2000). However, over the years, observers
have been regularly collecting additional data includ-
ing records of floating objects, sea turtles, sharks and
billfish.

The sea turtle database, initiated in 1993, is com-

METHODS prised of incidental captures and sightings from obser-
ver trip logs. Sea turtle records are usually associated
Study area with the fishing activity, when the animals are inci-

The ETP is a productive tropical system with frequent
upwelling events (Fielder et al., 1991). Nutrients are
rarely depleted in the surface waters of the equatorial
regions such as the Costa Rica Dome (Fiedler, 2002),
Peru and Ecuador (Thomas, 1979), but are often very
low in non-upwelling regions. The ETP ecosystem pre-
sents a large-scale spatial and temporal variability and
unpredictability (Plotkin, 2010) driven by seasonal
and inter-annual oceanic and atmospheric fluctuations
(Reilly and Fiedler, 1994). For example, recurrent
El-Nino Southern Oscillation events cause significant

dentally captured, but some sightings (observations
outside the purse-seine net) may be made while the
vessel is sailing or drifting.

The following list of variables from the IATTC
olive ridley records from 1997 to 2009 were used for
exploration and modeling: Year and month of the set
(from 1997 to 2009); Fishing effort (measured as num-
ber of sets); Latitude and longitude where the set was
made; Adult female turtles; Only vessel class 6 (see

Supporting Information for details); and Associations
(Table 1).

Figure 1. The presence of olive ridley incidental catch per set type in the Inter American Tropical Tuna Commission (IATTC)

observer database from 1997 to 2009.
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Table 1. Resolution, sources, description and scale of the explanatory variable used in the analysis.

Spatial Temporal

Variable Description resolution resolution Source

SST Veri High Resolution 5.5 km pixel ' Monthly  PATHFINDER v5 datasets NOAA
Radiometer (AVHRR)

Chl-a Sea-viewing Wide Field of View 10 km pixel ™! Monthly ~ NASA
Sensor (SeaWiFS)

SSH Archiving, Validation and 27 km pixel ' Monthly  Archiving, Validation and Interpretation of
Inerpretation of Satellite Satellite Oceanographic (AVISO). Geoid
Oceanographic Data (AVISO) referenced SSH measurements from ENVISAT,

TOPEX/POSEIDON, JASON-1, and OSTM/JASON-2

Bathymetry Gridded Global Relief Data 1 arc min NA USDOC, NOAA
ETOPO2

DAN Distance to arribada nesting 1 km pixel NA Derived from SWOT data points in ARCMAP 10
beaches in the ETP (euclidean)

ONI 3-month running mean of NA Monthly  NOAA (2013)

ERSST.v3b SST anomalies
derived from ENSO-3.4

Latitude Latitude where the set was made NA NA IATTC

Longitude  Longitude where the set was NA NA IATTC
made

Association  Set type: Tuna, Dolphin (Dolp) NA NA IATTC

and Floating Object (Log)

chl-a, chlorophyll-a; SST, sea surface temperatures; SSH, sea surface heights; DAN, distance to arribada nesting beaches; ONI,

Oceanic Nino Index.

Bathymetry was used in the exploratory analysis but not during the modeling process.

Predictor variables

Satellite remote sensing data including chl-a concen-
tration, SST, sea surface height anomaly (SSH) and
satellite-derived bathymetry, were chosen as initial
predictor variables (Table 1). Consistent with previ-
ous research describing the olive ridley pelagic habi-
tat, encounters were in warm (24-31°C) and highly
productive waters (Beavers and Cassano, 1996; Polov-
ina et al., 2004; Roberts, 2006). In addition, it has
been documented that sea turtles such as loggerheads
aggregate along SST and chl-a fronts (Polovina et al.,
2001, 2004) and olive ridley is apparently more fre-
quent in purse-seine nets close to high-density fronts
of chl-a and SST (Roberts et al., 2009). Also, it is
believed that sea turtles select their suitable habitats
based on physical and biological conditions (Luschi
et al., 2003; Polovina et al., 2004; Seminoff et al.,
2008), where zones high in chl-a concentration can
be seen as a proxy for highly productive zones in the
ocean. SSH was chosen because it can be used as a
proxy for eddy presence (Griindlingh, 1995). It is
known that animals aggregate in high-productive
eddies as well as the Costa Rica Dome (Fiedler,
2002). We also included as an environmental predic-
tor the Oceanic Nino Index (ONI), which is a 3-

month running mean of Extended Reconstructed Sea
Surface Temperature (ERSST.v4) anomalies in the El
Nino 3.4 region (5°N-5°S, 120°-170°W) (Huang
et al., 2015). Plotkin (2010) described the potential
effects of El Nino over the migration patterns behav-
ior of olive ridley in the eastern tropical Pacific, so it
is an important environmental variable to be consid-
ered in the modeling process.

Additionally, distance to ‘arribada’ (mass nesting
events, Plotkin, 2007) nesting beaches (DAN)
(Fig. 2) and month were included as predictor vari-
ables in order to explore the seasonal variability and
the effect of proximity to the nesting grounds in the
model.

Bathymetry and distance to nesting grounds

The bathymetry data were obtained from the high-
resolution sonar 2-min Gridded Global Relief Data
ETOPO2 (USDOC, NOAA, 2006). The ETOPO2
grid was imported to ARCMAP 10.1 and the bathymetry
values extracted to match the incidental catch data.
Even although there is not a clear understanding of
why olive ridley associates to certain depths, bathyme-
try has been previously used as a predictor variable to
described olive ridley habitat (Peavey, 2010) and can
be a potential predictor of incidental catch.

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.
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Figure 2. Nesting grounds in the Eastern Tropical Pacific (ETP) region provided by State of the World’s Sea Turtles (SWOT).
The bubbles represent the positions for Arribada nesting beaches with counts extracted from Plotkin (2007). The green stars
show the positions where olive ridley nests have been recorded but not in association with arribada.
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The nesting ground positions (Fig. 2) in the ETP
were provided by the State of the World’s Sea Turtles
(SWOT) (Kot etal., 2014; Halpin et al., 2009;
SWOT Reports I-X). Only arribada nesting beaches
were used to estimate the distance to nesting grounds
(Fig. 2). However, it is important to notice that not
all individuals generate arribadas, so the predictor vari-
able refers to only the individuals that have this partic-
ular behavior. DAN was estimated by Euclidean
distance in ARCMAP 10.1.

SST, SSH and chl-a

The oceanographic variables (SST, SSH and chl-a)
were obtained as monthly averages from 1997 to 2009,
matching the incidental catch data, trough R statistical
package (R Development Core Team, 2015) using the
‘xtracto3D’ script, which is an adaptation of XTRAC-
TO_3D_BDAP MATLAB coded for R, created by Bessey
(2008). The ‘xtracto3D’ tool allows direct access to a
set of oceanic variables provided by different sources
and sensors at http://coastwatch.pfeg.noaa.gov/erddap/
index.html (see Table 1).

Biological information and set type

As the IATTC database contains information of
straight carapace length (SCL) for most of the inci-
dentally caught turtles, it was possible to define the
approximated life stage (adults, sub-adults and juve-
niles). Only adult turtles (SCL longer than 60 cm)
were used for the modeling process, to make the dis-
tance to nesting beach variable relevant. This was

78% of total sea turtle observations in the database
that included measurements of SCL.

The association (set type) was used as an additional
categorical variable in the modeling process (Table 1).
The set type where the turtle was recorded is listed as:
sets made over floating objects (Log), schooling tuna
(Tuna) and dolphins (Dolp). This is an important con-
sideration for the modeling approach because it is well
known that some species of sea turtles such as olive
ridley are usually in association with floating objects
(Pitman, 1992; Hall, 1996; Roberts, 2006; Roberts
et al., 2009). Consequently, purse seines would be
expected to accidentally catch more turtles in sets
made over those devices.

Data exploration and standardization

All the data were processed and analyzed with R (R
Development Core Team, 2015). To standardize the
IATTC data set and calculate the iCPUE, the point
observations (Fig. 1) were converted to a grid of one-
degree latitude per one-degree longitude for every
month and year in each cell of the grid. Each cell col-
lapsed information of the total number of sets, the
total number of turtles, the average SCL, adult turtles
and predominant set type (the most observed set type
in the quadrant) for each month and year from 1997
to 2009. The oceanographic predictor variables were
converted from the original format NetCDF to a grid-
ded data frame of the same spatial and temporal reso-
lution (monthly for each year per grid) and merged
with the gridded incidental catches data set.

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.


http://coastwatch.pfeg.noaa.gov/erddap/index.html
http://coastwatch.pfeg.noaa.gov/erddap/index.html

6 J.T. Montero et al.

Extracted values for Bathymetry and DAN were
added to the data set. Collapsing the data into a grid-
ded region with monthly averages of the predictor
variables, assumes that there is not variability within
every month for the respective gridded region, adding
bias to the results.

Incidental catch per unit effort

Catch rate standardization assumes a linear relationship
between catch and effort as catch per unit effort
CPUE = C/E, = gN,, where C, represents the catch at
time t, E, the fishing effort, q the catchability coeffi-
cient and the local population size N,. This relationship
between catch rate and true abundance may be more
complex than a simple linearity assumption from the
formula above (Harley et al., 2001; Gaertner and Drey-
fus-Leon, 2004; Maunder and Punt, 2004; Haggarty
and King, 2006). However, in this study iCPUE will be
simply calculated as the relationship iCPUE = C//E,,
where C, is the number of turtles caught in a 1°x 1° cell
size at month-year t and E, as the number of sets made
for the same cell at month-year t.

Spatial correlation between oceanic variables

After all the variables were extracted and tabulated
into a data-frame, frequency distribution histograms
were created and spatial correlations were performed
for the environmental explanatory variables: SST,
SSH, DAN, chl-a and Bathymetry. Spatial correlation
is inherent in nature and occurs when the value of one
variable can define another variable. The frequency
histograms shown in Figure 3 suggest that turtles are
mostly caught in waters 26-29°C; 3000-5000 m deep;
—10 to —15 cm sea level height; intermediate dis-
tance from the DAN; and 0.1-0.5 mg m > chl-a con-
centrations. Bathymetry was strongly correlated with
DAN (0.64) and chl-a (0.46). As bathymetry was cor-
related with two of the predictor variables, it was
removed from the analysis.

Generalized additive models
A GAM (Hastie and Tibshirani, 1986, 1990) is a gen-

eralized linear model with a linear predictor. It
involves a sum of smooth functions of the predictor
variables (Wood, 2006). The general structure of the

model is:

g(1;) = X0 + fi(xu) + f2(x2) + f3(%30,x4) + ... (1)

where 1 = E(Y;) and Y; is an exponential family dis-
tribution. Y; is the response variable, X; is a row of the
model matrix for any strictly parametric model compo-
nent, 0 is the parameter vector respectively and f; are

the smooth functions of the response variables x;

(Wood, 2006).

Modeling

The natural logarithm of olive ridley iCPUE was the
response variable for the model and calculated as
described in the data exploration section above, with a
total sample size of n = 2820. The final predictor vari-
ables were: environmental variables: SST, SSH, ONI
and chl-a (Table 1), spatial variables: Latitude, Longi-
tude, DAN and association or set type: Tuna (unasso-
ciated), Dolphin and Log referring to floating objects.
The model was constructed with all the predictor vari-
ables. Latitude and longitude were used as interaction
terms.

The GAM used to predict olive ridley iCPUE was
fitted in R (R Development Core Team, 2015) using
the MGcv package version 1.7-19 (Wood, 2011),
assuming a quasi-likelihood distribution. The quasi-
likelihood distribution provides the ability to model
count data that are more variable than the Poisson
and Binomial distributions (see Wood, 2006 for fur-
ther details). The final model fitted was:

log(iCPUE + 1) =fi(Lon, Lat) + f,(SST)
+ f3(log(chl-a)) + f4(SSH)
+ f5(DAN) + f5(ONI)
+ f7(Month) + Association

(2)

Latitude and longitude were the only predictor vari-
ables that were included as an interaction term to
explore the spatial distribution of iCPUE. The advan-
tage of using latitude and longitude coordinates data
in our model was to enable the model to fit the data

with the geographic information for later spatial pre-
dictions of incidental CPUE.

Relationship between predictor and response variables

To explore the relationship between olive ridley
iCPUE and the predictor variables, we plotted the
model response using partial dependence plots. These
plots show the effect of a variable after accounting for
the average effect of all other variables in the model
(Friedman, 2001), thereby providing an indication of
how iCPUE depends on each predictor variable.

Model performance

To evaluate the model performance, the data set
was divided using a stratified random sampling into
a training set with 70% of the data and a test set
with the remaining 30%. As the original data were

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.
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Figure 3. Correlation matrix plot of each environmental predictor is displayed in the bottom left, including Pearson’s Correla-
tion coefficient describing the relationship between two variables. The significance code *** represent P < 0.05. Text is sized by
the magnitude of the correlation (larger is high correlated; smaller is lower correlated). Bathymetry is highly correlated with log.
Chl-a (0.46) and DAN (0.64).
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not balanced, re-sampling was based on monthly Wilcoxon’s signed-rank test comparing observed
strata to avoid bias in the results, particularly for versus predicted values. Wilcoxon’s test compares
calculation of the month effect. To compare the the median observed versus predicted iCPUE, to
model performance, predictions were made with the test biased in the predictions. The test was consid-
test set. Then we used a Spearman’s rank correla- ered passed if P > 0.05. Finally, the GaAMm.cHECK
tion coefficient (r,) with its respective P-value to function was run to produce basic residual plots
look at model accuracy. If the P-value is <0.05 and and information about the fitting process (see Sup-
the r,> 0.1 the test is considered passed (Lauria porting Information) and potential violation to sta-
et al., 2011). To assess model bias we performed a tistical assumptions (Wood, 2006).
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Spatial prediction

Spatial prediction maps of average, minimum, maxi-
mum and standard deviation of iCPUE were calcu-
lated from the trained model. The prediction was
estimated using all the data not used for model train-
ing and included the predictor variables: SST, SSH,
Chla-a, ONI, DAN, Association (Set type), latitude,
longitude and month. Additionally, we interpolated
predicted surfaces within a convex hull to fill the gaps
where data were not available by fitting a Thin
Plate Spline Regression Model over the predicted
iCPUE containing spatial gaps.

RESULTS

Generalized additive model

Our fitted GAM explained 40% of the total deviance
with an adjusted R? of 0.39. The smooth functions
responses are shown in Figure 4. The model suggests
higher values of iCPUE in purse seine sets made pri-
marily over floating objects when SST is between 28—
30°C, at low chl-a concentrations, mostly far away
from the nesting beaches, when the ONI is positive
and in the months of June to October. With respect to
SSH, the relationship shown by the response curve
suggests a higher iCPUE within negative and positive
SSH anomalies. The effect plot of latitude-longitude
suggests a high iCPUE to be inshore with two hot
spots predicted: off the Colombian coast and in south-
ern Mexico (Fig. 4).

Model performance

The Spearman’s correlation to evaluate the model
showed a significant positive correlation of observed
versus predicted iCPUE (r; = 0.57, P <« 0.0001), sug-
gesting fair model accuracy. In contrast, Wilcoxon’s
signed-rank test showed P = 0.007, suggesting bias in
the model. This implies that the model is capable of
describing the spatial distribution of iCPUE but it over
and under predicts the observed values. The GAM
diagnosis shows an approximately normal distribution
of the residuals, a straight line in the Normal Q-Q
plot, and a reasonable linear relationship between fit-
ted values and response (see Supporting Information).
Thus, the model appears to be correctly identifying
areas of high iCPUE, given the information available.

Modeled spatial prediction

Our predicted maps shows four areas of high adult
olive ridley incidental catch in the ETP (Fig. 5). Sur-
prisingly, there was a low association of high iCPUE
with arribada nesting beaches, probably because turtles

spend most of the time feeding in oceanic waters far
from shore, or because the timing of the arribada coin-
cides with the fishing season. The highest incidental
catch occurs in sets around floating objects, offshore
between 0-10°N and 120-140°W, and 10°S and
100°W (Fig. 5). There was also a medium incidental
catch predicted hot spot observed by the Colombian
coast close to Isla Cana arribada nesting ground by
Panama (Figs 2 and 5), where a considerable number
of sets over floating objects are made.

DISCUSSION

We successfully explained the spatial and temporal
characteristics of olive ridley incidental catch by
the ETP purse-seine fleet using observer data
records from the IATTC. There is a considerable
level of predictability in the relationship between
the presence of olive ridley as incidental catch in
the ETP within the set type, environment and spa-
tial predictors. If we assume that the tuna fleet
iCPUE is a fair representation of olive ridley abun-
dance and distribution in the ETP, the model
response allows inference about suitable habitats for
this species of sea turtle. Preferred temperatures are
26-30°C, turtles are more likely to occur in areas
of low chl-a concentrations (<0.36 mg m~>) and
are strongly associated with floating objects. Our
results are consistent with Roberts (2006), who
found that olive ridleys caught by the ETP tuna
fleet are more common in areas of higher SSH
along SST and in sets made over floating objects.
However, our model predicts higher iCPUE along
positive and negative SSH (Fig. 4). Roberts (2006)
suggested that the turtles are found close to oceano-
graphic convergences (sea level above average), but
our results suggest that olive ridleys are also found
in divergent zones below the sea level average.

The spatial component added in the model as an
interaction of latitude and longitude was adequate to
map high iCPUE regions on the coasts of Colombia
and southern Mexico. These two high iCPUE regions
might be associated with the arribada nesting grounds
located in Isla Canas and Morro Ayuta, respectively

(Figs 2 and 5).

Model response of the predictor variables

SST was the most important environmental predictor
for olive ridley incidental catch in the purse-seine fish-
ery. We observed that the olive ridley modeled iCPUE
is higher in water between 26 and 30°C. A similar
range of temperature (24-30°C) has been described as
preferred for the species by Polovina et al. (2004).

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.
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Figure 4. Variation of olive ridley incidental catch per unit effort (iCPUE) by the interactive generalized addictive model
(GAM) using the environmental (sea surface temperature (SST), sea surface height (SSH), chlorophyll-a (Chl-a) and Oceanic
Nino Index (ONI)], temporal (Month), spatial (DAN) and Set type (Dolp, Log and Tuna) as predictors. The y-axis represents
the effect over log-transformed iCPUE. Shade regions and dashed lines represent confidence bands for smooths and parametric
term (Association). Top left map: Effect of the location (Latitude, Longitued) over log-transformed iCPUE estimated from the
GAM. White indicates high-predicted iCPUE and dark grey indicates low-predicted iCPUE.
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Also, the majority of the turtles sampled in the study
made by Peavey (2010), describing suitable habitats
for olive ridley, showed preferred temperatures of
29.5-31.5°C. The results of this study for SST are also
supported by the fact that ETP olive ridley presents
complex movement patterns, where water tempera-
tures are assumed to play a primary role influencing

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.
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Log Tuna

their spatial distribution (Plotkin, 2010) and perhaps
the iCPUE spatial prediction.

The chl-a concentration was also an important
environmental predictor of incidental catch, showing
a negative relationship with olive ridley iCPUE within
a range of 0.13-0.36 mg m . Previous researchers
have suggested that the olive ridley associates with
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Figure 5. Predicted incidental catch of olive ridley across the fishery area in the Eastern Tropical Pacific (ETP) predicted from
the generalized addictive model (GAM). (a) Mean incidental catch per unit effort (iCPUE); (b) Max of iCPUE; (c) Min iCPUE;
(d) Standard deviation of iCPUE. The black lines are the predicted countours. NOTE: The mean prediction map was made aver-
aging the predicted iCPUE by latitude and longitude for all the years and months included in the study to identify the mayor

trends in the prediction of incidental catch.
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chl-a of ~ 0.4 mg m~> (Swimmer et al., 2009). Addi-
tionally, Roberts (2006) suggested a higher interaction
of olive ridley and purse-seine sets made at chl-a densi-
ties >0.25 mg m . Our results also suggest an associa-
tion of iCPUE with low-mid range productive patches.
However, the relationship between chl-a and marine
turtle distribution is not completely understood, but
the chl-a gradients could influence marine inverte-
brates distribution which serve as preys for olive ridleys
(Swimmer et al., 2009). Moreover, olive ridley may be
an opportunistic forager (Polovina et al., 2001; Semi-
noff et al., 2008), reacting to the productivity changes.
Because of Roberts’ (2006) suggestion that the most
important predictor variables werefloating objects and
a little influence of the environmental predictors, we
explored the spatial relationship of the predicted
iCPUE with Association and SST, chl-a, DAN and
ONI (see Supporting Information). We also found
that the highest predicted incidental catch of olive
ridley is made on floating objects, and those seem to be
the most influential predictor in our analysis. The

Longitude

prediction map (Fig. 5) suggests that the olive ridley
iCPUE is higher where chl-a is low (north of the equa-
tor 0—10°N; south of the equator 0-10°S) and vice
versa. Also, the predicted iCPUE is lower close to the
coast, where chl-a is potentially high as a result of
upwelling.

Our model showed a strong positive relationship of
incidental catch and the ONI. These results are con-
sistent with Plotkin’s (2010) findings while tracking
post nester olive ridley females, showing consistent
changes in the migration patterns during a strong El
Nino event. During El Nino, the appearance of strong
winds produces eddies that move hundreds of miles off
shore and could persist for several months (Stumpf
and Legeckis, 1977). These cold upwelled nutrient-
rich gyres can potentially provide resources and attract
olive ridleys and other animals (Plotkin, 2010).

Month as a time variable was also an important pre-
dictor of iCPUE. The highest iCPUE was observed
during the second half of the year, peaking at the
months June through to September (Fig. 4). There is a

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.
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clear segregation in the iCPUE by month factor in the
GAM output. The highest iCPUE probability shown
by the model happens one month before the nesting
season, which peaks from August to October (Hughes
and Richard, 1974; Cornelius and Robinson, 1986;
Dash and Kar, 1990; Plotkin et al., 1995; NMFS and
USFWS, 1998). This result suggests that olive ridleys
are more likely to be caught in this fishery right before
the peak of the nesting season and that the iCPUE
decreases when the olive ridley congregate to nest
massively on shore. In contrast, the lowest predicted
iCPUE observed (February—April) overlaps with the
foraging season (January—May). Polovina et al. (2004)
suggested that olive ridley spend only 20% of their
swimming time at the surface and 40% of the time at
40 m, probably associated with feeding behaviours.
Also, Kopitsky et al. (2004) described that olive ridley
feed mostly in pelagic habitats over jellyfish and cteno-
phores in the ETP region, which suggests foraging
behaviors at a depth of 150 m (Polovina et al., 2004).
This may suggest that the low iCPUE predicted during
the foraging season is because of the fact that turtles
are diving while looking for prey in those areas and
time, escaping the purse-seine net before reaching
more than 150-m depth during net deployment while
fishing operations. Also, incidental catch is likely to
happen in areas where turtles feed close to the surface,
or in association with floating objects. Consequently,
understanding the olive ridley feeding behavior can
potentially reduce the number of turtles caught in the
nets as previously described by Roberts et al. (2009).

It is not surprising to observe higher iCPUE in sets
made over floating objects. Previous research suggested
that olive ridley in the open ocean of the ETP region
is often seen near floating objects, including anything
from logs to plastic debris as well as dead whales (Pit-
man, 1992; Hall and Roman, 2013). The reason for
the association is not totally understood; it is possible
that the turtles feed on fish or invertebrates that also
associate with floating objects (Pitman, 1992; IATTC
unpubl. data). Data from IATTC observers indicate
that 44% of olive ridley observations (sights made out-
side the purse-seine net) are in association with float-
ing objects sets (Hall and Roman, 2013).
Additionally, our analysis indicated that at least 75%
of incidental catch records are in association with
floating objects.

Spatial prediction of incidental catch

Three regions of high probability of incidental catch
were observed (Fig. 5). All regions are located off-
shore, north of the equator and from 90 to 150°W
between 0-10°N and 0-10°S (Fig. 5). The only high

© 2015 John Wiley & Sons Ltd, Fish. Oceanogr., 25:1, 1-14.

iCPUE coastal region predicted by the model was
located close to the Colombian coast. This result may
suggest a spatial-temporal overlapping of the arribada
event (August—October) with high fishing activity
close to the Colombian coast and Isla Canas (Figs 2
and 5), exclusively for this region. Although our
results suggest a strong influence of oceanic conditions
on the spatial distribution of olive ridley predicted
iCPUE, it is challenging to identify the mechanisms
behind to explain the observed patterns.

Although this research focused on a sea turtle spe-
cies that is relatively numerous in the ETP, our results
may help develop environmentally-based management
approaches for the more endangered species, many of
which are data poor because of their low frequency of
encounter. The IATTC purse seine database covers a
very broad region, and a period of over 20 yr, so it is a
rich source of biological and ecological data on the
species involved, even considering the caveats men-
tioned above. We anticipate that our analysis will con-
tribute to sea turtle conservation efforts throughout
the region.

Besides, the fishing nations of the area have passed
resolutions (ATTC resolution on bycatch http://
www.iattc.org/ResolutionsactiveENG.htm) to mini-
mize the bycatches of all sea turtle species, and this
type of study is expected to contribute towards that
management goal.

The major limitations of this study are the use of
fisheries-dependent data and the assumption that all
fishing operations (each set made) has the same proba-
bility of catching a turtle, so inferences about the biol-
ogy and incidental catch probabilities are biased by
the nature of the data and fishery behavior, which is
focused on catching tuna, not turtles. Consequently,
any prediction for iCPUE can only be partially
explained. The inclusion of fisheries independent or
surveys designed specifically to detect and quantify
olive ridley can considerably help to improve this
study.

CONCLUSION

The prediction of olive ridley iCPUE using the data
from the IATTC was satisfactory, with 40% of the
variation explained by the predictor variables. The
analysis indicates that even although iCPUE is pri-
marily linked to sets made over floating objects, the
environmental predictors such as SST (26-30°C),
chl-a (<0.36 mg m ), distance to the arribada nest-
ing beach (far from shore) and monthly variation
(Month June-September) also contribute to olive
ridley iCPUE-predicted values. Also, oceanic
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circulation may have a strong effect in the spatial
distribution of the floating objects and perhaps the
olive ridley iCPUE. As an example, to reduce the
captures of olive ridley in this fishery, restrictions
could have been implemented limiting sets made
primarily over floating objects, north and south of
the equator between 140 and 120°W, in waters
between 26 and 30°C and a chl-a concentration
lower than 0.36 mg m~>. The conservation signifi-
cance and impacts on the fishery of these measures
need to be evaluated in the decision to implement.
However, olive ridley populations are currently
increasing within in a relatively short time period
(Abreu-Grobois and Plotkin, 2008), so the restric-
tions may not prove necessary.

This information can be useful for future manage-
ment plans as well as a baseline for monitoring the
incidental catch of olive ridleys in the ETP region in
different fishing fleets. Also, modeling incidental catch
provides information about the oceanic conditions in
which olive ridleys are more likely to be found in the
ETP.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in
the online version of this article:

Table S1. This table shows the model output sum-
mary from the R console using the function summary
(model). The upper table summarizes the parametric
coefficients for the variables treated as a factor in the
model for the association or set type variable and the
lower table summarizes the significance of the vari-
ables included in the model with a smoothing function
(See Wood, 2006 for details).

Figure S1. Model checking plots for the GAM fitted
with log transformed iCPUE. The upper left normal
QQ plot is very close to a straight line suggesting a
reliable distribution assumption. The upper right panel
suggests that the estimated variance is at some point

constant as the mean increases. The histogram of the
residuals in the lower left panel shows an approxi-
mated normal distribution and the bottom right plot
of response versus fitted values shows a positive linear
relationship. In general, nothing is problematic for the
model fitted.

Figure S2. Seasonal variability of the fishing effort
for the three different set types included in the analysis
from (1997-2009). Sets: Tuna, Log = floating objects,
Dolp = dolphins. In this figure it is clear to see that
most of the sets were made over floating objects.

Figure S3. Histogram of the straight carapace length
(SCL cm) for the incidentally caught turtles in the
IATTC database used in this research for years 1997—
20009.

Figure S4. Bar plots to explore the predicted iCPUE
versus five of the environmental variables (SST, SSH,
chl-a, DAN and ONI) grouped by set type: Tuna, Dol-
phin and Floating objects (Log).
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