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ARTICLE INFO ABSTRACT

The deep-water rose shrimp Parapenaeus longirostris (DPS), a demersal decapod representing the most important
component of crustacean landings in the Mediterranean Sea, has been suggested as a species that may exhibit
temperature-driven changes in the spatio-temporal dynamics. Considering that Mediterranean waters are
warming up faster than oceans, understanding the relationships of DPS populations with temperature variations
and the related changes in spatial patterns is absolutely key for its management. Using a long-term dataset
covering 13-years from scientific surveys (International Bottom Trawl-Surveys in the Mediterranean, MEDITS;
Italian national trawl surveys, GRUND) in the Strait of Sicily (central Mediterranean Sea), the annual DPS spatial
patches and the depth distribution were investigated using geostatistical and quotient analyses. The patches
dimension and depth range occupation were then related to sea temperature by using linear regression analysis.
Results showed that both the dimension of DPS spatial patches and the depth distribution range occupied in-
creased concurrently with temperature. Our findings corroborate that the ongoing sea warming widen areas
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suitable for this species and in which it can expand its spatial distribution.

1. Introduction

Marine species distribute spatially according to specific patterns as a
result of habitat and environmental preferences (e.g. Ciannelli et al.,
2008; Giannoulaki et al., 2013; Romagnoni et al., 2015; Orio et al.,
2019). Consequently, changes in marine environment, by influencing
different mechanisms such as individual physiological and behavioural
responses (e.g. changes in the aerobic scope; habitat selection and use),
population dynamics (i.e. acting on growth, reproduction and mor-
tality) or trophic interactions (e.g. Rijnsdorp et al., 2009; MacKenzie
et al., 2012) determine how the abundance and distribution of a po-
pulation vary over time. (e.g. Poloczanska et al., 2016; Orio et al.,
2019). Thus, investigating the spatial and temporal components of
species/environment relationships is essential to gain a better under-
standing of marine stock fluctuations (Tzanatos et al., 2014) and a
greater capability of forecasting the effects of environmental changes
on populations. The need for such knowledge is more obvious for
commercially important species and underlies the integrated manage-
ment approach to fisheries resources, which requires to adequately
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consider the main biotic, abiotic and human components of ecosystems
and their interactions (i.e. Ecosystem approach to fisheries; FAO, 2003);
a perspective accepted and largely stressed during the last decades by
numerous studies (e.g. Ciannelli et al., 2008; Planque et al., 2011;
Fuentes et al., 2016; Gaines et al., 2018). Although abiotic factors af-
fecting marine populations are numerous, temperature is considered
one of the most relevant (e.g. Perry et al., 2005; Harley et al., 2006;
Brander, 2013; Cheung et al., 2013; Giannoulaki et al., 2013; Lauria
et al., 2015). This is because changes in sea temperature influence the
spatial distribution of species both directly by affecting physiology and
behaviour, and indirectly by affecting the structure and the functioning
of ecosystems (e.g. Poloczanska et al., 2016). Considering that Medi-
terranean waters are warming up two to three times faster than the
oceans (Solomon et al., 2007; Vargas-Yanez et al., 2008; Nykjaer, 2009;
Pastor et al., 2018), understanding the relationships of marine popu-
lations with temperature and the related changes in spatial patterns
over time is fundamental for their sustainable management.

In the Mediterranean basin, one of the most important fishing re-
sources is the deep-water rose shrimp Parapenaeus longirostris [(Lucas
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Fig. 1. Study area with the location of the sampling stations from 1994 to 2008 during autumn (Grund survey) and spring/early summer (Medits survey). Stippled

areas indicate untrawlable grounds and water depths of more than 800 m.

1846), DPS],a demersal decapod shrimp which represents more than a
quarter of total crustacean landings (27%; 1994-2008, FAO FishStat
Plus, 2013). The DPS is a short-lived species, spawning all year-round
with fast growth and high mortality rates (Abell6 et al., 2002; Sobrino
et al., 2005). It is distributed throughout the eastern Atlantic Ocean and
the Mediterranean basin, where the highest abundance is recorded at
lower latitudes, predominantly in the Strait of Sicily (central Medi-
terranean Sea) and the Ionian Sea (Sobrino et al., 2005). Individuals are
generally found in muddy bottoms, mainly between 100 and 400 m of
depth, although the bathymetric distribution is wider, ranging from 20
to 750 m (Sobrino et al., 2005; Fortibuoni et al., 2010).

This species has recently been suggested as a species that may ex-
hibit temperature-driven changes in the spatio-temporal dynamics (e.g.
Colloca et al., 2014). In the southern Adriatic Sea, for example, the
highest abundance of DPS seems to be located in areas of warmer sea
bottom waters (Ungaro and Gramolini, 2006). Still, in other regions of
the Mediterranean Sea, positive relationships between DPS abundance
and increasing of sea temperature has been shown (i.e. Ionian Sea,
central-northern Tyrrhenian Sea and Ligurian Sea; [Arcuti et al., 2016;
D'Onghia et al., 2012; Ligas et al., 2011; Colloca et al., 2014]). Even in
Moroccan Atlantic waters, the temperature positively influences the
abundance levels of the species (Benchoucha et al., 2008).

For these reasons it is reasonable to hypothesize that variations of
sea temperature can influence both the spatial structure of high abun-
dance aggregations and the depth distribution range of both DPS early
and adult life stages. Considering that the Strait of Sicily hosts some of
the most important DPS fishing grounds in the Mediterranean, knowing
how the species is spatially structured is of crucial importance for its
sustainable exploitation. Here, by using a long-term dataset
(1994-2008) covering 13-years from scientific surveys in the northern
sector of the Strait of Sicily (a part of the Geographical Sub Area — GSA
16; FAO, 2009) we focused on 1) characterizing the annual spatial

structure of DPS owing to spatial autocorrelation between the abun-
dance values of the survey locations; 2) exploring depth range occupied
by DPS over the period considered; and 3) investigating the effect of sea
temperature on both the patterns of spatial structures and depth dis-
tribution range.

2. Materials and methods
2.1. Data sources

The study area is characterized by a narrow continental shelf in the
central part with extensions off the eastern and western Sicilian coasts.
Numerous oceanographic features occur in this region, including vor-
tices, upwelling areas and fronts; the intensity and position of which are
mainly driven by the variability in Atlantic Ionian Stream (AIS)
meandering, the main current flowing in south east direction (Di
Lorenzo et al., 2018). Persistent spawning and nursery areas of DPS
have been identified along this area (Fortibuoni et al., 2010; Garofalo
et al., 2011).

The abundance and spatial distribution data of DPS were obtained
from fishery-independent bottom trawl surveys conducted annually
from 1994 to 2008, during spring/early summer within the
International Bottom Trawl-Surveys in the Mediterranean (MEDITS;
Bertrand et al., 2002) and in autumn within the.

Italian national trawl surveys (GRUND-; Relini, 2000). From the
original datasets, only the sampling stations located on the Sicilian shelf
and slope were extracted. For each haul, DPS abundance was standar-
dized to the haul swept area and expressed as density index (i.e.
number of individuals per km?, N/Km?). Due to the different catch-
ability of the gears used in the two surveys (GOC 73 in spring/early
summer and Italian commercial tartana in autumn) the DPS density
indices from the GRUND survey were adjusted to those which would
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have been obtained by the MEDITS survey by using a fishing power
correction factor of 0.84, previously estimated for DPS through com-
parative trawling trials (Scalisi et al., 1998).

In order to guarantee a minimum of 30-50 pairs of points required
for statistical consistence and representativity of the sampling space
(Rossi et al., 1992) in the subsequent geostatistical analysis, it was
decided to combine and analyze together the spring/early summer and
autumn datasets for each year (with the exclusion of the 1999 and
2007 years in which the autumn survey was not carried out). This
choice was supported by the results of Fortibuoni et al. (2010) who
suggested a similar spatial pattern of DPS critical life phases (recruits
and mature females) during the two seasons. In addition, nonpara-
metric Wilcoxon rank-sum test confirmed that the abundance dis-
tribution in the two survey seasons did not differ significantly (Fig. S1).
Overall, the dataset consisted of a total of 733 hauls from MEDITS
surveys and 903 from GRUND surveys (Fig. 1). The total annual density
index (TA) in the whole area was obtained by the ratio estimator
(Cochran, 1977) as the ratio between the total abundance in the area
and the total swept area, putting together the data from the two sur-
veys.

To evaluate the temperature effects on the DPS spatial structure and
depth occupation we used the monthly temperature series retrieved
from Copernicus marine environment monitoring service (http://
marine.copernicus.eu/). Specifically, for each year, mean monthly
temperature layers with a spatial resolution of 1/16° x 1/16° (ca.
3,8 x 3,8 nautical miles) from spring to autumn (i.e. the whole period
in which the two surveys are performed) at four different depths (sur-
face, 250 m, 500 m and 750 m) were downloaded. The temperature
obtained at different depths were then averaged over the study area by
year and used as a proxy of the mean thermic profile from spring to
autumn of the bathymetric range inhabited by DPS

2.2. Data analysis

To study the temporal variability and model the spatial structure of
DPS population in the Strait of Sicily, we used the basic tool of geos-
tatistical methodology -omnidirectional indicator variography- (e.g.
Rivoirard, 2000). In this type of analysis, the variance of the difference
between pairs of observations at sequential distance intervals (lags)
across the study area is measured. For simplicity, we hereafter refer to
this method as the variogram. For each haul the DPS density index was
transformed into a binary variable representing two classes of values,
on the basis of a predetermined threshold. This was set at value of 80%
of total DPS annual abundance (c80) and computed for each year on the
basis of the respective cumulative curves (Petitgas, 1998; Barra et al.,
2015). The classification was done by transforming relative abundance
values > ¢80 as 1 (presence) and O (absence) otherwise. The ¢80 does
not represent a biological threshold for the DPS but it has been chosen
with the aim of describing the spatial structure of the most abundant
part of the shrimp population in the study area. This type of threshold,
based on percentile levels of the total relative abundance, has been used
in other studies and for other species in the Mediterranean (e.g.
Garofalo et al., 2011; Barra et al., 2015; Criscoli et al. 2017; Milisenda
et al. 2017). The empirical variogram on the presence/absence of DPS
obtained using the ¢80 was then calculated for each year. For statistical
reliability of the variogram analysis, the lag distance was set to 11.5 Km
(6.2 nautical miles), which corresponds to the minimum distance in-
cluding at least 35-50 pairs of points for each distance interval (Rossi
et al., 1992). The empirical variograms obtained for each year were
then modeled in order to estimate the standard parameters such as
nugget, sill, and range. The nugget is the variability of the data (or just
the effect of uncertainty) at lag distance close to 0, while the sill re-
presents the maximum variability between pairs of observations. The
range is an estimate of the maximum distance at which pairs of ob-
servations are spatially correlated, as such it represents an approximate
measure of the average size of the patches (e.g. Giannoulaki et al.,
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2006) which correspond, in this study, to the DPS high-abundance ones.
To estimate these parameters, we selected among Gaussian, Ex-
ponential and Spherical models the one reducing the residuals sum of
squares. We used the estimated ranges of each annual modeled vario-
gram and related them to the temperature by using simple linear re-
gression. The significance of the coefficients was tested by boot-
strapping the cases with replacement (N = 999) and extracting the 95%
intervals of these bootstrapped estimates. In order to asses the presence
of a density-dependent effect on the dimension of patches, relationships
of range estimates with both the total annual abundance index (TA) and
¢80 were tested by using linear regression models. Furthermore, to
assess the association between stock density and depth preferences, we
used the quotient analysis (Qi; van der Lingen et al., 2001; Bernal et al.,
2007). A quotient curve is a bi-variate curve that describes the “relation
shape” between relative abundance data and a given environmental
variable. The first step to perform quotient analysis was to define a
pertinent classification for the depth ranges (Table S1) to ensure that
the occurrence of samples in each category did not exceed 20% of all
data and that it remained a significant number for each category
(i.e. > 5%; Bonanno et al., 2014; Drapeau, 2004). Once samples were
assigned to a category, the relative “importance” or weight of each
category was computed and named as % frequency of the depth class
(i.e. the number of samples in the category divided by the total number
of samples). Then the density value associated with each depth category
was expressed as a percentage relative to the total DPS density collected
during each year (abundance within the depth category divided by total
abundance of DPS in each annual survey). Then the quotient values (Qi)
between the relative abundance and the percentage occurrence of each
category was computed as follows:

i = %DPS density
%depth range

Qi plotted against depth indicated preference when >1 and
avoidance when < 1. To test the significance of observed quotient va-
lues, confidence intervals for the null hypothesis of evenly distributed
DPS density with respect to depth were calculated (e.g. Basilone et al.,
2013; Bernal et al., 2007). The preferred depth ranges defined by the
significant Qi values were extracted and divided by the whole depth
range sampled each year. These proportions were then related to the
temperature by using the binomial generalized linear model (binomial
GLM) and owing to overdispersion, the standard errors were corrected
using quasibinomial GLM (Zuur et al., 2009). Coefficients significance
was then tested by bootstrap (n = 999).

3. Results

During our study period (1994-2008), the mean temperature along
the water column from May to October increased, showing a peak of
about 16.7 °C in 2003 and a significant positive trend of 0.034 °C y !
(FIG. S2a).

The occurrence of DPS individuals in the study area was recorded in
a depth range between 33 and 739 m. The density index showed in-
terannual fluctuations with a significant positive trend, with the highest
value of 3288 N/Km? observed in 2004 and the lowest value of 486 N/
Km? in 1995 (Fig. S2b). Whithin the study area, the same fluctuation
with a positive trend, is observable also when considering the propor-
tion of the number of survey hauls showing DPS abundance above the
median abundance value of the whole time period respect to the total
number of annual trawl surveys (Fig. S3a). Stable high-abundance va-
lues (> 3%), with respect to the total annual abundance, were observed
for each year in the north-western side excluding the 2008 and in the
south-eastern side of the Adventure bank (AB, Fig. S3b). Peaks of DPS
abundance (> 5%) were observed in the north western side of AB in
1994, 2000 and 2001. In the eastern part of AB, DPS abundance > 5%
occurred from 1996 to 2002, and in 2006. A third stable high-abun-
dance area was observed in the central part of the continental slope off
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Fig. 2. a) Annual Standardized Empirical Variograms and range estimates. b) Range estimates in relation to the Temperature.

the south Sicilian coast until 2004, after that it was not longer present.
Differently in the south-eastern coast of the Sicily high-abundance va-
lues of DPS were observed only in some years, specifically in 1994,
1995, 2003, 2004 and 2008 and only in the latters two years with an
abundance percentage greater than 5 (Fig. S3).

The threshold to define the aggregations representing the main
hauls with higher abundance of DPS (values of c80) increased in-
dicating that this species was gradually more densely distributed over
time in the considered period (Table S2).

DPS spatial structure presented interannual variability in terms of
the average patch size (i.e. range; Fig. 2a). The indicator variograms
showed that DPS formed the largest patches in 2003 followed by 2001,
while the smallest aggregations were observed in the 1997 (Fig. 2 a).
The linear model applied to relate the mean aggregation dimension and
temperature resulted statistically significant, showing an increase of the
range when temperature rises (Fig. 2b). Differently, there was no sig-
nificant relationship between the estimated ranges in the variograms
with the TA and the ¢80 (range = 11.9-9.57% x ¢80, p > .05;
range = 11.9-8.1 % x TA, p > .05).

Quotient analysis showed that DPS distribution in each year was
non-randomly related to depth and that high concentration of in-
dividuals was located mainly between 100 and 230 m depth, with the
exception of the years 2001, 2002 and 2006. Furthermore, during the
1995, 2003 and 2008 the preferred depth range became more wide-
spread between 100 and 400 m of depth (Fig. 3a). The binomial GLM
model corrected for overdispersion (quasi-binomial GLM) relating the
depth range preference of DPS population with temperature showed a
significant increase of the proportion of depth range occupied when the

temperature became higher and explained the 40% (i.e. the deviance)
of the variation in depth range occupation (Fig. 3b).

4. Discussion

This study contributes to better understand the role of sea tem-
perature on the spatial aggregation of an important commercial crus-
tacean in the Mediterranean Sea. By using fishery-independent data
from 1994 to 2008, we showed that the average dimension of the
spatial aggregations as well as the depth range distribution of DPS are
positively related to sea temperature in the northern part of the Strait of
Sicily. Changes in environmental factors and particularly sea tempera-
ture, have been shown to play a key role on the temporal and spatial
dynamics of the deep-sea living resources in the Mediterranean (Ungaro
and Gramolini, 2006; Company et al., 2008; Maynou, 2008; Ligas et al.,
2011b; D'Onghia et al., 2012; Colloca et al., 2014). In the Strait of Si-
cily, the increasing trend in water temperature (0.034 °C y ™!, Fig. 2)
confirms the general pattern observed in the whole Mediterranean
basin (ca. 0.035 °C y~!; e.g. Skliris et al., 2011; Shaltout and Omstedt,
2014), which is considered one of the most important ecological phe-
nomena occurring in the Mediterranean sea (e.g. Nykjaer, 2009;
Shaltout and Omstedt, 2014). Seawater temperature rise is affecting
marine populations by acting on phenological events (e.g. growing and
timing of reproduction) and leading to changes at different scales of
responses, from the physiological to the ecosystem ones (e.g. Rijnsdorp
et al., 2009; Ottersen et al., 2010). Typically, the spatial distribution
patterns of populations are recognized to be regulated by both en-
vironmental factors, which are independent from the population
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conditions, and those strictly related to the population size (e.g. Gaston
et al., 2000; Planque et al., 2011). Our results suggest that changes in
annual DPS abundance during the period (1994-2008) do not have a
significant role on the patches dimensions of DPS (i.e. no density de-
pendent habitat occupation/selection responses; Gaston et al., 2000),
while a marked positive effect of sea temperature was found (Fig. 2b).
The annual spatial structures obtained by using variograms indicated,
in fact, the existence of high-abundance DPS concentrations in certain
years when suitable conditions (i.e. high temperatures) occurred. The
lack of significant relationships with the DPS density could be probably
related to the fact that the increase of suitable habitat makes the DPS
expand without the necessity of occupying a territory up to its max-
imum capacity before spreading out; as often expected in the re-
lationship between abundance and space occupancy (e.g. Gaston et al.,
2000). Furthermore, the overexploitation of the demersal resources
including DPS in the area (Fiorentino et al., 2013), likely can favor this
phenomenon by maintaining the abundance and biomass at inter-
mediate levels lower than the maximum capacity of its habitat. The
absence of significant relationships between population abundance and
spatial organization is not a new phenomenon, as this has been already
reported for other marine populations (e.g. Petitgas, 1998; Anderson
and Gregory 2000; Barra et al., 2015; Morfin et al., 2012).

The expansion of the autocorrelation ranges with high thermal
conditions suggests, instead, the preference of DPS for warmer waters
(e.g. Sobrino et al., 2005; Ligas et al., 2011; Abell6 et al., 2002).
Nevertheless, it is important to consider that temperature is not the only
environmental driver of the spatial distribution patterns of DPS. Other
factors such as the interactions between wind and current circulations
(Ligas et al., 2011), high salinity (e.g. Benchoucha et al., 2008) or high
primary productivity (Colloca et al., 2004) together with fishery ac-
tivities (Ligas et al., 2011; Abell6 et al., 2002; Sobrino et al., 2005;
D'Onghia et al., 2012) have been shown to act as significant drivers for
the DPS populations abundances. However, temperature seems to play
a primary role on DPS abundance, for example Colloca et al. (2014)
argued that higher temperature favors this species recruitment by im-
proving the survival rates and growth processes. Furthermore, Cartes
et al., (2009) reported that high temperatures can promote, together
with both low rainfall and wind strength regimes, the increase of su-
prabenthos production, which is part of the DPS diet (Sobrino et al.,
2005). Therefore, this ensemble of more suitable environmental con-
ditions seems to enhance the DPS aggregations dimension.

Despite on average DPS was distributed from 70 to 400 m of depth
which agrees with other studies (e.g. Sobrino et al., 2005; Fortibuoni
et al., 2010), in the Strait of Sicily this species tend to expand its depth
range occupation with the rise of temperatures. Although a significant
effect of temperature is found, further highlighting its key role as eco-
logical factor affecting the dynamics of the DPS population (e.g. Colloca
et al., 2014; Ligas et al., 2011; Arcuti et al., 2016), only the 40% of the
total deviance is explained by the model. This suggests that the depth
range distribution, likewise to the patches dimension, is not influenced
by the temperature alone. Furthermore, our results are in line with
those of literature showing that marine ectotherm species can change
their depth distribution range as a response to sea warming (e.g. Perry
et al., 2005; Pinsky and Byler, 2015; Milazzo et al., 2016). This pattern
mainly occurs where the geographical features impede the latitudinal
shifts (e.g. Poloczanska et al., 2016). Where physical barriers are not so
marked, as for example in the Tyrrhenian Sea, although a DPS depth
range expansion has been observed, it was less conspicuous compared
to the latitudinal expansion (Colloca et al., 2014; Ligas et al., 2011;
Benchoucha et al., 2008). Differently, in the Strait of Sicily the increase
of the DPS depth range occupied associated with the temperature rise,
could have been facilitated by the presence of a natural physical fea-
tures (i.e. the Sicilian coast in northern part) and a permanent current
pattern flowing southward (AIS, Atlantic Ionian Stream) slowing down
the northward expansion of both adults and juveniles displacement and
larval dispersal.
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Our study illustrates that, in the Strait of Sicily, the ongoing sea
warming open suitable areas in which DPS can expand. Being the
fishers' behavior based on the knowledge of how the target species are
distributed, describing and characterizing their spatial structure in re-
lation to the environmental changes may be useful for management
measures. Knowing how environmental drivers, such as temperature,
modulate spatial aggregation and depth range distribution of DPS, may
suggest to be cautious in considering tout court the catch per unit effort
(CPUE) in the Strait of Sicily as representative of the stock abundance.
For instance, in the case of contraction of DPS' spatial aggregation
structures, CPUE could be remain high while abundance declines,
causing the well-known process known as “hyperstability”, with the
overestimation of standing stock and the underestimation of fishing
mortality (Hilborn and Walters, 1992).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.seares.2020.101871.
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