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Despite the fact that Mediterranean loggerhead turtles are listed as “Least Concern”
by the International Union for the Conservation of Nature (IUCN), they are among the
most threatened marine megafauna worldwide, because of fishery-related incidental
captures. The northern central Adriatic Sea is one of the most overfished basins of
the Mediterranean Sea and it supports a very valuable marine biodiversity, including
sea turtles. This study assesses the spatial and seasonal impact of the northern central
Adriatic midwater pair trawl fishery on loggerhead turtle (Caretta caretta) by examining
incidental catches recorded between 2006 and 2018 and environmental variables. The
model predicted seasonal variation of loggerhead distribution. According to previous
studies, data analysis indicates that most bycatch events of loggerhead turtle occurred
in the northern Adriatic Sea. The present data confirm that the northern Adriatic may be
an important foraging area for loggerhead turtle. They also highlight the urgent need for
a better understanding of the interactions between sea turtles and fisheries to develop
and apply suitable, ad hoc management measures in critical habitats.

Keywords: Adriatic Sea, bycatch, Caretta caretta, critical habitats, midwater pair trawl fishery

INTRODUCTION

The incidental capture of non-target species occurring during fishing operations (e.g., Davies et al.,
2009; Ortuño Crespo and Dunn, 2017) is one of the major global threat to marine megafauna of
conservation concern (e.g., Worm et al., 2006; Lewison et al., 2014). Among those species, sea
turtles are particularly vulnerable to the effects of bycatch given their biological and ecological
characteristics (e.g., long life cycle, seasonal distribution patterns, long-distant foraging migrations,
etc.) and the intensity of fishing effort across a various range of gears (e.g., Veiga et al., 2016; Lewison
et al., 2013; Gray and Kennelly, 2018 and references there in).

The Mediterranean Sea is the world’s most overfished sea (Colloca et al., 2017), with the
highest bycatch rates of marine turtles (Casale, 2008; Wallace et al., 2013; Casale et al., 2018).
The loggerhead turtle (Caretta caretta) is the most abundant species regularly found in this area
(Tudela, 2004; Lauriano et al., 2011) listed as “Least Concern” by the International Union for the
Conservation of Nature (IUCN) Red List (Casale, 2015). Lucchetti and Sala (2010) and Casale
(2011) indicated that yearly more than 132,000 sea turtles are unintentionally caught during
fishing operations. Hooking, entanglement and capturing by different fishing gears usually intended
to catch valuable commercial species are among the major threats to sea turtles from fisheries
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activities. A number of studies have already investigated
the impact of fishing gears on long-lived marine species of
conservation concern, like sea turtles (for example, see reviews
by Lucchetti and Sala, 2010; Lewison et al., 2013; Wallace et al.,
2013). However, more investigations are needed to evaluate
how mortality due to interactions with fisheries varies by
species and gear type.

The northern central Adriatic Sea is the most heavily impacted
basin in the Mediterranean Sea due to a variety of sources of
anthropogenic pressure, mainly intense fishing activities, large
urbanized and industrialized areas, and environmental pollution
(Lotze et al., 2011; Giani et al., 2012; Romano and Zullo, 2014;
UNEP-MAP-RAC/SPA, 2014). This basin supports a rich and
valuable marine biodiversity including marine megafauna like
loggerhead turtle. Interactions between this species and fisheries
are therefore unavoidable. Indeed, a moderate-to high bycatch
risk of loggerheads has recently been suggested in the northern
Adriatic for bottom trawls (Lucchetti et al., 2016) and estimated
from interview based approach for set nets (Lucchetti et al.,
2017). Nevertheless, data on the extent of incidental catches of
sea turtles in other gears in the Adriatic is still limited (Lazar and
Tvrtkovic, 1995, Lazar and Tvrtkoviæ, 2003; Lazar et al., 2006;
Fortuna et al., 2010).

Since 2006, an extensive monitoring program of bycatch of
long-lived species like cetaceans, sea turtles, and elasmobranchs
by Italian midwater pair trawlers has been conducted in the
northern central Adriatic Sea (Fortuna et al., 2010; Sala et al.,
2016, 2018). The information collected in its framework provides
a unique opportunity to assess the operational details of
capture events and the abundance trends of species over time
(Bonanomi et al., 2018).

The present study provides a spatial and seasonal evaluation
of the impact of midwater trawling on loggerhead turtles in the
northern central Adriatic Sea with the aim to assess the effect of
environmental variables influencing the presence of this species
and provide a risk map of the interaction between turtles and
fishery basing on fishery dependent data. The results of this study
can contribute to improve spatial fisheries management in critical
habitats and to develop measures aimed at reducing bycatch
events of loggerhead turtle in northern central Adriatic Sea.

MATERIALS AND METHODS

Study Area and Data Collection
The Italian midwater pair trawl fishery is based in the northern
central Adriatic Sea, Geographical Sub-Area (GSA) 17 (Figure 1).
The area is characterized by shallow waters, with an average
depth of 35 m. The strong influence of the Po river discharge
results in low salinity, low water temperature, and high nutrient
concentration (Fonda Umani, 1996; Marini et al., 2008; Lipizer
et al., 2014). GSA 17 includes the entire northern and central
Adriatic Sea as far as the Gargano Promontory in Italy and the
city of Kotor in Montenegro.

Between April 2006 and December 2018, a total of 15,975
hauls from 3,975 fishing trips, (see Table 1) conducted in the
northern central Adriatic Sea, were monitored by independent

observers who collected bycatch data of protected species (e.g.,
cetaceans, sea turtles) and species of conservation concern (e.g.,
elasmobranchs). The program took advantage of the mandatory
monitoring program conducted under permit issued by the
Italian Ministry of Agriculture, Food and Forestry, Fishery
and Aquaculture directorate in compliance with the Italian
obligations to the Council Regulation (EC) 812/2004 and with
the EU Data Collection Framework. For each haul, observer
recorded operational parameters including coordinates (latitude
and longitude in WGS84), date and time of net setting and
hauling, haul duration, trawling speed (nm) and water depth (m).
For each haul, the observed Catch Per Unit Efforts (CPUEs) of
loggerhead turtle were calculated as the number of individuals
caught divided by the duration of the haul (in hours).

The influence of environmental variables, potentially affecting
the presence of loggerhead sea turtles caught during fishing
operations, were investigated. Information regarding the
distribution and extension of seabed substrates were obtained
from European Seabed Habitat map provided by EMODnet
portals1. Sea Surface Temperature (SST) and chlorophyll
concentration (CHL) data were retrieved from the European
Union’s Earth Observation Program2. Both variables were
obtained from satellite-based observations and they were
available at different temporal (daily or monthly) and spatial
resolution (depending by variable and year). In this study,
monthly values were considered for both variables, then, when
they were available at daily scale they were averaged at monthly
base. Furthermore, to uniform the spatial information, they were
rescaled to the same spatial resolution (spatial grid of 0.089◦,
∼10 km). For each hauls, the coordinates and date were used to
extract the corresponding values of environmental variables.

CPUEs Modeling
Catch Per Unit Efforts represents a common method to
summarize fishery data, providing a measure of relative
abundance. However, multiple drivers, mainly related to
operational and environmental factors, can affect catch rate
limiting the relationship between CPUE and abundance (Walters,
2003; Maunder et al., 2006). Generally, CPUE data are modeled to
address the effects of these factors affecting catch rate (Maunder
and Punt, 2004) but also to analyze species distribution in
relation to this fishery’s operations (Katsanevakis et al., 2009;
Grüss et al., 2014; Parra et al., 2017; Orio et al., 2017). In the
case non-target species, which are caught less frequency than
target species, modeling problems are related to the excess of
zero observation (no accidental captures), due to the low catch
rate, rarity of the non-target specie and low interaction with
fishing gears (Maunder and Punt, 2004; Minami et al., 2007;
Wenger and Freeman, 2008). Furthermore, another modeling
problem is related to the over dispersion of the data, mainly
caused by the stochasticity of the magnitude of bycatch events
(Brodziak and Walsh, 2013).

In this study, spatiotemporal assessment of loggerhead
turtles CPUEs was modeled using Generalized Additive Models

1https://www.emodnet-seabedhabitats.eu/
2http://marine.copernicus.eu/services-portfolio/access-to-products/
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FIGURE 1 | Distribution of hauls and bycatch events of Caretta caretta collected between 2006 and 2018 aggregated at quarterly base using a spatial grid with cell
of 0.09◦ (about 10 km). The intensity of fishing hours is showed with a color gradient from green (0–5) to red (10–15). The size of circles indicates the magnitude of
bycatch events (CPUE). The River Po delta is illustrated with a red point.

(GAM) (Hastie et al., 2001) in a delta modeling framework.
This approach has been proposed as a useful tool in case
of zero-inflated data (Maunder and Punt, 2004), and it was

successfully used to assess spatiotemporal distribution of marine
species worldwide (Punt et al., 2000; Rodríguez-Marín et al.,
2003) and, it was applied in other study on the distribution
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TABLE 1 | Summary table of the dataset used in the analysis.

Longitude Latitude Depth Bycatch

Year Quarter Fishing
Trips

Hauls Min Max Min Max Min Max Events Probability Probability
(SD)

Individuals CPUE CPUE
(SD)

2006 Q3 53 277 12.34 13.24 44.44 45.53 12.4 39.6 8 0.029 0.010 15 0.082 0.542

2006 Q4 92 360 12.36 14.65 42.79 45.48 14.6 96 8 0.022 0.008 15 0.042 0.338

2007 Q1 51 142 12.37 14.84 42.87 44.70 14.8 137.6 1 0.007 0.007 1 0.009 0.112

2007 Q3 35 124 12.37 13.28 44.36 45.26 15 41.4 11 0.089 0.026 13 0.162 0.590

2007 Q4 121 467 12.35 14.28 42.84 45.41 12.4 88.6 13 0.028 0.008 21 0.055 0.358

2008 Q1 137 442 12.34 14.62 42.50 45.30 13 115.4 0 0.000 0.000 0 0.000 0.000

2008 Q2 141 559 12.35 15.08 42.63 45.49 12.8 166.8 6 0.011 0.004 6 0.016 0.162

2008 Q3 91 338 12.35 14.84 42.87 45.53 14.6 106.6 7 0.021 0.008 9 0.048 0.370

2008 Q4 63 226 12.37 14.58 43.19 45.47 13.2 98.2 2 0.009 0.006 3 0.012 0.140

2009 Q1 9 28 12.40 12.96 44.55 45.34 16.4 39.2 0 0.000 0.000 0 0.000 0.000

2009 Q2 9 41 12.35 14.96 43.48 45.02 11.8 102 0 0.000 0.000 0 0.000 0.000

2009 Q3 42 157 12.32 14.38 43.61 44.95 11.6 77 5 0.032 0.014 5 0.043 0.246

2009 Q4 99 314 12.32 14.53 42.85 45.31 11.8 194.4 4 0.013 0.006 7 0.034 0.391

2010 Q1 158 503 12.34 14.98 42.81 45.44 12.8 141.4 0 0.000 0.000 0 0.000 0.000

2010 Q2 143 567 12.33 14.80 42.75 45.53 11.2 131 7 0.012 0.005 8 0.018 0.185

2010 Q3 78 349 12.35 14.25 43.39 45.51 13 84.8 8 0.023 0.008 8 0.034 0.240

2010 Q4 140 475 12.34 14.76 42.88 45.43 12.6 140.2 5 0.011 0.005 7 0.022 0.262

2011 Q1 49 142 12.40 13.69 43.79 45.34 21 58 0 0.000 0.000 0 0.000 0.000

2011 Q2 86 385 12.38 14.86 42.93 45.57 15.2 139.6 4 0.010 0.005 5 0.027 0.343

2011 Q3 54 218 12.37 14.68 42.78 45.52 13.4 150.8 0 0.000 0.000 0 0.000 0.000

2011 Q4 189 794 12.32 14.82 42.74 45.43 11 156.4 8 0.010 0.004 12 0.020 0.232

2012 Q1 143 452 12.33 14.79 42.79 45.29 12.2 110.4 3 0.007 0.004 3 0.007 0.088

2012 Q2 159 644 12.33 15.00 42.83 45.53 11.6 213.8 11 0.017 0.005 12 0.026 0.210

2012 Q3 48 185 12.42 14.44 43.12 45.49 20.6 92.2 7 0.038 0.014 7 0.074 0.414

2012 Q4 153 563 12.40 14.46 43.07 45.47 17.6 100.6 9 0.016 0.005 10 0.030 0.246

2013 Q1 109 411 12.32 14.20 43.53 45.42 11.6 80 2 0.005 0.003 2 0.005 0.080

2013 Q2 142 642 12.32 14.29 43.53 45.51 10.4 83.4 30 0.047 0.008 38 0.098 0.535

2013 Q3 49 230 12.45 14.27 43.24 45.49 14.4 82.6 5 0.022 0.010 6 0.037 0.261

2013 Q4 53 222 12.48 14.44 42.91 45.45 21.6 107 2 0.009 0.006 2 0.013 0.145

2014 Q1 64 187 12.31 15.02 42.74 45.02 10.6 225 4 0.021 0.011 4 0.028 0.215

2014 Q2 19 58 12.31 12.84 44.21 44.70 11 37 1 0.017 0.017 1 0.021 0.161

2014 Q4 1 2 14.17 14.18 43.05 43.12 76 76.6 0 0.000 0.000 0 0.000 0.000

2015 Q1 39 120 12.33 14.67 42.93 45.42 11.6 137.4 1 0.008 0.008 1 0.009 0.101

2015 Q2 151 494 12.31 14.96 42.62 45.49 10.4 126.6 7 0.014 0.005 7 0.027 0.228

2015 Q3 75 267 12.41 14.62 42.95 45.46 16.8 126.6 5 0.019 0.008 6 0.038 0.294

2015 Q4 147 481 12.32 14.85 43.01 45.40 11.4 128 3 0.006 0.004 8 0.042 0.596

2016 Q1 39 137 12.34 14.13 43.31 45.39 12.4 73.2 0 0.000 0.000 0 0.000 0.000

2016 Q2 45 162 12.32 13.96 43.83 45.14 11.6 70 1 0.006 0.006 1 0.011 0.135

2016 Q3 44 142 12.42 14.16 43.30 45.33 15.2 78.6 3 0.021 0.012 3 0.043 0.299

2016 Q4 68 239 12.34 14.43 43.01 45.26 14 90.8 0 0.000 0.000 0 0.000 0.000

2017 Q1 56 171 12.32 15.04 42.62 45.40 11.2 149 0 0.000 0.000 0 0.000 0.000

2017 Q2 71 265 12.32 15.07 42.92 45.47 11.4 149.4 2 0.008 0.005 2 0.011 0.128

2017 Q3 35 138 12.37 15.05 42.90 45.36 13.8 147.2 1 0.007 0.007 1 0.017 0.196

2018 Q2 106 367 12.34 14.57 42.98 45.47 11.8 131.2 10 0.027 0.008 15 0.053 0.356

2018 Q3 72 239 12.33 14.88 42.89 45.46 12.4 123.8 5 0.021 0.009 5 0.039 0.266

2018 Q4 137 449 12.42 14.92 43.03 45.41 14.4 140.8 1 0.002 0.002 1 0.002 0.036

Data collected between 2006 and 2018 were reported by year and quarter. Irregular fishing operations and fishing hauls performed below 43.75◦ of latitude were excluded
from the raw dataset.

of no-target species in this area (La Mesa et al., 2016). Delta
modeling procedure allows to modeling the probability of species
occurrence and magnitude of catch events (CPUEs) separately,

involving two modeling components (Maunder and Punt, 2004).
The first component uses the occurrence or non-occurrence
of bycatch events to estimate the probability of encountering
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a loggerhead turtle. Bycatch probability was modeled using a
binary response variable (coded as 1/0) with a binomial error
distribution and logit link. The second component considers
only the hauls with positive catch, to assess the magnitude of
bycatch events (CPUE) using a Gamma error distribution model
with log link function. The Gamma distribution was commonly
used in skewed data, like those occurring in bycatch data (Punt
et al., 2000; Maunder and Punt, 2004). Finally, the predicted
probabilities of presence were multiplied by the predicted values
of positive catch, to obtain predicted CPUEs.

Before proceeding, a preliminary analysis on raw data to
select regular hauls (i.e., fishing operations that were successfully
completed) and excluding those with erroneous and/or lacking
values (e.g., position on land, missing depth values, etc.) was
performed. Bycatch events with more than four individuals
account for less the 1% of the cases (two events), thus events with
more than four individuals were grouped together in extra-group
signed as five individuals and CPUE were estimated again. An
exploratory data analysis was performed to accommodate the
spatio-temporal structure of the data and identify the set of
variables to use in CPUEs modeling.

Delta modeling approach allows to model bycatch probability
and CPUEs with different set of variables. The initial models used
were as follows:

Y = β0 + β1 × Quater + β1 × Substrate+ f1 (Year)+ (1)

s1 (Lon, Lat)+ te1
(
Lon,Depth

)
+ te2

(
Lat,Depth

)
+

f2
(
Depth

)
+ te3 (Lon,CHL)+ te4 (Lat,CHL)+

f3 (CHL)+ f4 (SST)+ ε

Y = β0 + β1 × Quarter + β2 × Substrate + (2)

f1 (Year) + s1 (Lon, Lat) + s2 (Lon, Lat)Depth +

s3 (Lon, Lat)CHL+ f2 (SST)+ ε

Where Y represents the encountering probability of bycatch
event in (Eqs 1), or its magnitude (CPUEs) in (Eqs 2); β0 is
an overall intercept, β1, β2are coefficients estimated for each
level of the factors considered in the parametric component
of the models; s is an isotropic smoothing function (thin-plate
regression spline; Wood, 2003), te represents a tensor product
smoothing function used for interaction between variables; fi are
natural cubic line and ε are error terms.

Model selection was performed through a backward stepwise
selection based the total explained Deviance and on statistical
significance (Wood, 2006). Starting from the full models, the
predictor with the lowest significant level, was excluded and
the model was run again until all remaining predictors were
significant. During the model selection procedures, different
types of interaction between variables were tested in order
to improve models fitting maintaining the initial ecological
assumptions. Furthermore, the maximum degree of freedom
of the smoothing functions (number of knots k) were limited
for smoothers of single variables (k = 5) and for interactions
(k = 25) to avoid overfitting. The χ2 test was used to estimate

the statistical significance of each term. Spatial prediction of
CPUEs was performed using a spatial grid of 0.089◦ (∼10 km) at
seasonal scale considering annual quarter (Q1: winter; Q2: spring;
Q3: summer, Q4: autum). Excluding depth, the environmental
variables associated to grid were averaged in each cell considering
the values observed along the whole period.

The statistical significance level assumed in all the analyses
was 5%. Data exploration was carried out with R version 3.4.4 (R
Development Core Team, 2008), the mgcv package (Wood, 2011)
was used for modeling data.

RESULTS

A summary of raw data is reported in Table 1. Between 2006
and 2018, 14,170 successful hauls were monitored during 3,865
fishing trips. During this period, a total of 291 loggerhead turtles
were unintentionally caught; the overall observed annual average
probability of occurrence of bycatch events was 0.016 per haul
with a mean CPUE value of 0.03 individuals per hour. The 90%
(n = 262) of loggerheads were released alive without showing any
injuries. The geographical distribution of quarterly monitoring
effort and bycatch events (with CPUE values) are illustrated
in Figure 1. The southernmost bycatch event was recorded at
43.56◦ of latitude. Most events (about 90%) were recorded in the
northernmost area of the Adriatic Sea (between 44.5◦ and 45.5◦),
in the southern area (below 44.5◦) were recorded 10 events in
the whole period.

The final model used to predict the probability of the
occurrence of bycatch events (binomial) includes 6 variables
with the following formula: Presence ∼ Year + s(Lon,
Lat)Quarter + te(Lat, Depth) + te(Lon, Depth) + te(x,
CHL) + f (SST) (Table 2). It explains about 18.4% of the total
deviance and the Anova χ2 test indicates that all terms were
significant, except the interaction term between hauls location
in the third and fourth quarter. The model-derived effects
of covariates used in the binomial model area reported in
Supplementary Figure 1. All the interactions, latitude-depth,
longitude-depth and longitude-CHL, were retained in the model,
as well as the effect of SST. In the binomial model, the effect of the
year was considered in the parametric component of the model.
The final model used to predict abundance of bycatch events
(Gamma) includes four variables with the following formula:
log(CPUE) ∼ Quarter + f (Year) + s(Lon, Lat)CHL + s(Lon,
Lat) (Table 2). It explains about 40.6% of the total deviance
and the Anova F test indicates that all terms were significant.
The model-derived effects of covariates used in the Gamma
error distribution model and residual plots area reported in
Supplementary Figures 2, 3. The interaction between hauls
position, and longitude-latitude with chlorophyll concentration
were retained in the model. The effect of the year was considered
as a smoothing function, while the effect of quarter was
considered in the parametric component of the model. In the
abundance model the global effect of depth and sea surface
temperature were not significant and they were discarded.

The prediction of the final models on the spatial grid are
showed at quarterly base in Figure 2. The predicted values were
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TABLE 2 | Results of generalized additive models building for factors affecting the
presence/absence and the abundance of loggerhead turtles in the northern
central Adriatic Sea between 2006 and 2018.

Model Parametric terms df Chi square Significance
level

Binomial Yearf 12 54.95 <0.01

Smooth terms edf Chi square Significance
level

s(Lon, Lat)Q1 2.013 16.517 <0.01

s(Lon, Lat)Q2 7.033 46.663 <0.01

s(Lon, Lat)Q3 0.231 0.254 0.086

s(Lon, Lat)Q4 1.451 3.015 0.05

te(Lat, Depth) 3.816 16.398 <0.01

te(Lon, Depth) 3.193 11.325 <0.01

te(Lon, CHL) 5.019 30.31 <0.01

te(SST ) 1.688 11.869 0.001

Total Deviance explained 18.4%

N 14170

Gamma Parametric terms df F Significance
level

Quarter 3 5.56 <0.01

Parametric terms df F Significance
level

s(Year) 2.87 3.15 <0.01

s(Lon, Lat)CHL 9.46 1.05 <0.01

s(Lon, Lat) 5.88 0.76 <0.01

Total Deviance explained 40.80%

N 291

divided in four classes: from 0 to 0.009 (very low CPUE, <1
individual caught every 100 fishing hours), from 0.01 to 0.04 (low
CPUE, between 1 and 4 individuals every 100 fishing hours),
from 0.05 to 0.09 (Medium CPUE, between 5 to 9 individuals
every 100 fishing hours) and between 0.1 to the maximum value
(High CPUE,≥10 individuals every 100 fishing hours). In winter
(Q1), low CPUEs were predicted in cells in the eastern Adriatic
Sea while high values were predicted in cell displaced south of
the River Po delta. During spring (Q2), increasing values were
predicted in the northern area (above 44◦ of latitude) with high
values predicted in the cell of the western central and eastern
central Adriatic. Medium and low values were predicted in cells in
the northern and central Adriatic. In summer (Q3), high CPUEs
were predicted in the cells south and north of the River Po delta
and in a few cells in the western-central Adriatic. Very low values
were predicted below 43.5◦ of latitude. During autumn (Q4), high
and medium CPUEs were predicted in few cells in the area south
and north of the River Po delta and in the eastern Adriatic, low
values were predicted in cells of the northern area and in few cells
toward western-central Adriatic.

DISCUSSION

Robust data on spatial patterns of the risk of negative interactions
between anthropogenic activities and protected species are
required for Environmental Risk Assessments (see, for example,

Azzellino et al., 2011). This must be true for fishery management
frameworks too, which should be informed by a wide range
of information, including spatial patterns of interactions and
biological data on concerned species. However, the spatial
element is seldom integrated in such frameworks, usually more
oriented to consider only aspects related to species biology
and population dynamics (e.g., ICES, 2014; Lucchetti et al.,
2016). Bycatch Risk Assessments should incorporate the spatial
dimension to inform area-based mitigation options, if they were
to be effective tools to manage activities within marine regions
(e.g., Azzellino et al., 2012). This study is among one of the first
to provide an evaluation of the distribution of incidental capture
of loggerhead turtle in a fishing métier for a Mediterranean
sub-basin. It also provides the first maps of risk that are necessary
to inform the process of designation and management of new
Natura 2000 sites (Fortuna et al., 2018). In the study area, the
interactions between loggerhead turtle and fishing gears have
usually been ascribed to bottom trawlers (Casale et al., 2004;
Lucchetti and Sala, 2010; Lucchetti et al., 2016), midwater pair
trawlers (Casale et al., 2004; Fortuna et al., 2010), rapido (beam)
trawlers (Lucchetti et al., 2018), and set nets (Lucchetti et al.,
2017). The 13-year data in this study show that loggerheads
were caught by midwater pair trawlers with a relative low
rate (observed annual mean probability of 0.016 per haul).
The monitoring activity demonstrated that a large number of
individuals were incidentally caught and released alive without
showing any injures. These findings indicate that interactions
between loggerheads and midwater pair trawlers is moderate
likely with very low mortality rate. In this study commercial
CPUEs give an insight on the distribution of interactions between
loggerhead turtles and fishing activities of midwater trawlers.
They allow the assessment of the effect of operational and
environmental variables on the interactions, by highlighting high
and low risk areas. To accommodate the large amount of zero
observations (about 98% of the records), data were analyzed
by separately modeling the probability of occurrence of bycatch
events (binomial model) and the positive catch (Gamma error
distribution). Overall, the total Deviance explained by models
was low and the explained variation was two times higher in
the Gamma model. However, spatial and temporal assessment
predicted by the final models seems to capture the global
patterns present in the data. Different set of variables were
used to modeling presence and the abundance patterns. The
effects of operational variables, as location (i.e., coordinates of
fishing operations) and time (year, quarter), resulted significant
in both modeling components, as a consequence of the high
spatiotemporal variability of the observed pattern. Depth and
chlorophyll concentrations seem to be the most significant
environmental drivers affecting the probability of bycatch events
and their magnitude. Accordingly, the predicted spatial patterns
of bycatch probability were concentrated in the northern Adriatic
Sea, above 44.5◦ of latitude, nearby the River Po delta. This
area is characterized by relative shallow waters (average depth
of 30 m) and it is strongly influenced by the inter-annual
freshwater discharge of the River Po, which is the primary source
of nutrients in the whole basin (see Supplementary Figure 4;
Degobbis and Gilmartin, 1990; de Wit and Bendoricchio, 2001)
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FIGURE 2 | Distribution of predicted CPUEs aggregated at quarterly base using a spatial grid with cell of 0.09◦ (about 10 km). The predicted CPUEs are showed
using tiles with a color a red gradient from light red (very low) to dark red (high). The observed CPUEs are represented with blue circles and their size indicates the
magnitude. Position of fishing hauls with zero catches are represented with black circles. The River Po delta is illustrated with a yellow point.

and makes the northern Adriatic one of the most productive
area in the Mediterranean. Nutrient inflow, sustaining a high
biodiversity community, makes this area important for turtles’
trophic interactions with abundant presence of preys like jellyfish,
crustaceans and molluscs (Casale et al., 2012). The analyses
presented in this study confirmed that the northernmost of
Adriatic basin is a suitable foraging habitat for loggerheads
according to previous studies (Lazar and Tvrtkovic, 1995, Lazar
and Tvrtkoviæ, 2003; Lazar et al., 2006; Casale and Margaritoulis,
2010; Rees et al., 2017; Casale et al., 2018). In this area, the
presence of a foraging ground identified nearby the Po delta,

was probably the major ecological driver of the presence of
this species, increasing the probability of unintentional catches
particularly during spring and summer. Accordingly, in the
southernmost area few individuals were accidentally caught.

Analysis of the present dataset indicates that probability
of bycatch events increases between April and September
(Q2–Q3). In accordance with these results, increasing CPUEs
were predicted in the northernmost area of the Adriatic Sea,
and then in autumn their values decrease in the central zone.
These patterns are in accordance with previous investigations
suggesting seasonal migration patterns in the Adriatic toward
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the River Po delta (Casale et al., 2012; Luschi and Casale,
2014; Lucchetti et al., 2016). Based on these studies, along
the Italian coast, loggerheads during spring swim from the
southern Adriatic toward the Po delta; in summer they
frequent the northern area and begin to migrate southward; in
autumn loggerheads can be find in the whole Adriatic with a
concentration in the coastal area south of the River Po delta.
During winter the probability of bycatch events and CPUEs
decrease because low temperatures can influence loggerheads
behavior, frequenting the northernmost part of the basin, to move
southward (Casale et al., 2012).

In addition, the model predicted relative high CPUEs from
spring to autumn in the eastern-north of the study area. This
predicted patterns, could be explained by factors related to
seasonal movement of loggerheads in relation to marine currents.
Although sea turtles can travel against sea currents (Meylan,
1995), favorable surface circulation may facilitate their migration.
A prevailing surface current enters the Adriatic along the eastern
coast moving to the north (Cushman-Roisin et al., 2013), this
current may influence the drift of hatchlings and small juveniles,
partially directed into the Adriatic (e.g., the eastern Adriatic is
a migration corridor for individuals belonging to a population
nesting in Greece, Lazar et al., 2004).

Similarly, a number of studies have documented the spatial
and temporal impact of fisheries bycatch on sea turtles worldwide
(Wallace et al., 2013; Swimmer et al., 2017). In the present study,
the observed pattern of loggerhead CPUE is consistent with
the one observed in Wallace et al. (2013), which estimated the
value of CPUE of loggerheads of different fishing gears, including
trawlers, around the world (see tables in Wallace et al., 2013 and
references there in).

In this study, the stochasticity of the distribution of
loggerheads, and the low interaction with midwater trawlers,
make bycatch events very rare reducing the ability of the
model to predict correctly the occurrence of an event. Despite
delta modeling represents a valid approach to accommodate
zero-inflated data (Maunder and Punt, 2004), other limitations
of the analyzed dataset could have biased model performance
causing the low level of explained deviance and reduced its
ability to predict CPUEs in space, in terms of absolute values.
However, low level of explained variation of the data, was also
obtained in other studies regarding the distribution of different
marine species (Grüss et al., 2014; Orio et al., 2017; Parra et al.,
2017), particularly with bycatch species using fishery dependent
data (La Mesa et al., 2016). An important confounding factor is
related to the nature (fishery dependent) of the data collected.
Fishery-dependent data suffer of intrinsic bias related to the
displacement of monitoring effort in space and time (Fulton
et al., 2005; Sims et al., 2008), making difficult to assess the
real influence of environmental variables on CPUE. Indeed,
the monitoring program that provided these data, lack of a
well-defined sampling design and the distribution of monitored
activity, in space and time, was dependent to fleets dynamic, that,
in the case of midwater pair trawl fishery is high variable in space
in the short run, depending on biological (distribution of the
target species) and economic drivers (market, fuel price) (Russo
et al., 2015). Following the considerations in Fortuna et al. (2010),

a non-homogenous distribution of monitoring activity in space
would affect both the observation coverage and estimation of
bycatch events. The lower number of monitored fishing trips
than in the northern area could have an effect on the observed
patterns in the southernmost area. However, the great differences
between the northern and the southern marine ecosystem (e.g.,
water depth and quality, species presence and distribution, etc.),
which influence the way this fishing gear is used within the
study area, seem to support an actual difference in bycatch
rates. Annual and inter-annual variability of the monitoring
effort, was also conditioned by bureaucratic and administrative
delays (e.g., gaps within the end of a project and the following
call for tender of up to 6 months, tenders for funding only
1-year or 2-year projects, renewal of all observers contracts
every 1–1.5 year), which determine lack of data for certain
period and/or areas, and increase the uncertainty around the
observed pattern.

The results obtained in this study suggest that management
should carefully considered spatial component of ecological
drivers of species distribution to design ad hoc management
measures and conservation strategies aimed to reduce accidental
captures (Casale et al., 2018). Knowledge of the biology and
ecology of loggerhead turtle is still scanty and comprehensive
studies of the spatial pattern of bycatch is lagging behind.
However, different technological mitigation measures (e.g., TED
and UV-LED lamps) have been tested in the Mediterranean and
they seem to be a valuable solutions applied in multispecies
fisheries in critical areas and seasons (Lucchetti and Sala, 2010;
Sala et al., 2011; Lucchetti et al., 2016; Virgili et al., 2018). Thus,
more investigations are clearly needed to understand the real
impact and ecological implications of incidental captures of sea
turtles in midwater pair trawl fisheries.
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