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ARTICLE INFO ABSTRACT

Keywords: The distribution of deep-water rose shrimp (Parapenaeus longirostris, FAO 3 alpha code DPS), the main target
Deep-water rose shrimp species of demersal fisheries in the Strait of Sicily, is investigated in relation to surface parameters and
SST

biogeochemical processes. Such processes are known to influence sea bottom habitats and may be particularly

;Jilsgisphyll relevant to the Strait of Sicily because of its relative shallowness and high surface primary production. Shrimp
POC abundances recorded during multi-annual and seasonal trawl surveys (2004-2008) are analyzed. A GAMM and

GAM model analysis is performed comparing juvenile abundances to monthly mean spatial patterns of remotely-
sensed sea surface temperature (SST) and surface chlorophyll (chl), as well as their frontal structures, with a time-
lag of one month, given the pelagic behavior of DPS early life stages preceding settlement. Juvenile and total
shrimp abundances are also compared to the flux of particulate organic carbon (POC) to the seabed. The POC flux
is computed via 1-D and 3-D models simulating sinking, re-mineralization and horizontal advection and diffusion
of surface POC. The latter is derived from surface primary production maps obtained from ocean color data.
Results show that the abundance of the juvenile fraction of DPS is significantly correlated with depth, distance to
SST fronts and the intensity of chl fronts (correlation R? = 80%). Furthermore, results strongly suggest the
significant role of bottom POC flux in conditioning the distribution of DPS abundance, indicating that ecological
processes occurring in surface waters influence food availability near the seabed in the investigated area.

Generalized additive models

1. Introduction (Sobrino et al., 2005). It is an epi-benthic species with a pelagic larval
stage (Sobrino et al., 2005), showing a size-related bathymetric distri-

The deep-water rose shrimp (Parapenaeus longirostris; Lucas, 1846; bution, linked to the ontogenetic migration of juveniles from the con-
hereafter DPS, after its FAO 3 alpha code) is a large-size decapod crus- tinental shelf (50-200 m) to the upper slope, i.e. down to 500 m
tacean widely distributed in the Mediterranean Sea and the Atlantic (Ardizzone et al., 1990; Politou et al., 2008). Reproduction occurs

Ocean, from the north of Spain to the southern waters of Angola year-round (Levi et al., 1995; Mori et al., 2000b), thus the species shows
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a continuous recruitment pattern. Despite being prevalently benthic,
DPS display also a pelagic behavior consisting of mostly nocturnal ver-
tical migration for feeding, similarly to other shrimp species (Marin,
2009; Rodriguez-Climent et al., 2016). This is the most important
crustacean species landed by Mediterranean trawl fisheries, amounting
up to about 12,000 tons per year, or 23% of total crustacean landings in
2000-2008 (Knittweis et al., 2013). In terms of total yield, the most
productive fleet targeting DPS is that operating in the Strait of Sicily
(hereafter SoS), yielding about 60-70% of the total catch in the Medi-
terranean Sea (Knittweis et al., 2013).

The SoS is well known as one of the areas of the Mediterranean
characterized by the occurrence of the Bakun (1998) triad processes of
enrichment, concentration and retention of oceanic scalar properties (e.
g. phytoplankton) by means of physical processes, both at regional and
at smaller local scale along the south coast of Sicily (Agostini and Bakun,
2002; Patti et al., 2020). These processes occur due to semi-permanent
oceanographic features including upwelling, frontal formations and
mesoscale eddies (Piccioni et al., 1988; Béranger et al., 2004) and pro-
vide enhanced primary production and favor reproductive and recruit-
ment habitats for many marine populations (Agostini and Bakun, 2002;
Garcia Lafuente, 2002).

Indeed, the influence of sea surface temperature (SST) and surface
chlorophyll (chl) frontal structures on the abundance fluctuations and
distribution of marine populations is well documented (e.g. Houghton
and Marra, 1983; Demarcq and Faure, 2000; Klein and Lapeyre, 2009;
Druon et al., 2011, 2021; Scales et al., 2014; Lévy et al., 2012; Zer-
voudaki et al., 2006). Also, in the SoS, strong correlations between
relevant oceanographic features and the distribution of critical life
stages of fishery resources have been observed not only for pelagic
species (Garcia Lafuente, 2002; Basilone et al., 2013; Falcini et al., 2015;
Patti et al., 2020) but also for demersal ones (Abella et al., 2008; Druon
et al., 2015; Gargano et al., 2017, 2022; Quattrocchi et al., 2019). The
relative shallowness of the SoS, mostly <1000 m with large banks <200
m, and the high primary production observed in the
upwelling-influenced zone closer to the Sicilian coasts (Piccioni et al.,
1988; Buongiorno Nardelli et al., 1999; Askari, 1998, 2001; Bakun and
Agostini, 2001; Bignami et al., 2008) suggest that the influence of sur-
face processes on bottom ecology could be stronger there than in other
deeper areas of the ocean.

As regards DPS reproduction, Fortibuoni et al. (2010) found that
stable nurseries in the SoS were located on the outer Sicilian shelf, while
persistent spawning areas occurred mostly between the outer shelf and
the upper slope. Further, the study found that the geographic positions
of both these stable critical areas were coherent with those of the
semi-permanent mesoscale features (i.e. eddies) of the Strait of Sicily
promoting biological retention, concentration and biogeochemical
enrichment processes. Although no deterministic relationships between
spatial/temporal dynamics of DPS abundance and ecological factors
were investigated, the authors hypothesized that retention mechanisms
allow the larvae and juveniles to stay in an area of enhanced primary
and secondary production. Since DPS juveniles feed on micro- and
mesoplankton prey (radiolarians, tintinnids, copepods and pteropods),
these habitats should be particularly favorable for their feeding and
growth (Nouar et al., 2011). On the other hand, larger DPS feed on small
fishes, cephalopods and above all crustaceans (amphipods, copepods
and ostracods) as well as sedentary preys in seabed sediments, mainly
foraminifera and radiolarians but also polychaeta, bivalves and gastro-
pods (Carlucci and Gancitano, 2015). DPS feeds also on organic detritus,
the contribution of which seems to increase gradually with depth
(Sobrino et al., 2005; Nouar et al., 2011). Therefore, also spawners could
benefit from high food abundance occurring close to frontal systems and
arriving at the seafloor, for gonad development (Fortibuoni et al., 2010).

The importance of the transport of phytodetritus from the surface
layers to the bottom has also been highlighted by Cartes et al. (2018) for
different life-stages of the deep-water shrimp Aristeus antennatus (Risso,
1816) across its full depth range (500-2200 m) in the western
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Mediterranean. In particular, spawning females were found in areas
with lower near-bottom oxygen levels coupled with senescent marine
snow. Conversely, mature males were found in grounds with higher
oxygen levels, suggesting a dietary preference for mobile zooplanktonic
preys that require more oxygen-rich environments. Finally, recruits
preferred habitats with high near-bottom oxygen levels, low turbidity
and sediments rich in organic matter, which are associated with high
abundance of suprabenthic and benthic preys.

The tight coupling between the benthic and pelagic realms, driven by
physical and biological processes, is crucial for nutrient cycling and
energy flow in aquatic ecosystems (Polunin et al., 2001; Baustian et al.,
2014). For instance, it is known that the fraction of particulate organic
carbon (POC) formed by primary production in the euphotic layer and
sinking at depth is an important source of carbon and energy for the
demersal heterotrophic communities (Siegel and Deuser, 1997; Griffiths
et al.,, 2017). Indeed, POC plays a key role in foraging the benthic
community in highly productive waters (Biggs et al., 2008; Morse and
Beazley, 2008; Muller-Karger et al., 2005). This is true, even though the
vertical POC flux attenuates rapidly with depth, due to both abiotic
(circulation dynamics) and biotic (bacterial respiration and zooplankton
reworking) controls, the latter commonly described by a power-law
function (Martin et al., 1987; Pace et al., 1987). Since no major rivers
flow into the SoS, the riverine supply of nutrients and terrigenous
organic material (plant debris, humic substances; Emerson and Hedges,
1988) can be considered negligible. Therefore, we hypothesize that the
energy injections due to the POC flux originated from surface primary
production at sea may have a major role in the distribution of DPS
abundance at the bottom.

In the light of the background provided by the above-cited literature,
we investigate the influence of surface physical and biogeochemical
processes on spatial patterns of DPS juvenile and adult abundance using
remotely sensed and in situ data, combined with the use of Generalized
Additive Modeling (GAM), ocean drifter data and primary production
and particle flux models. That is, we investigate the importance of these
more “basic” ecological processes in influencing abundance distribu-
tions, which are obviously complicated by the more strictly biological
factors such as e.g. the food chain zoologically closer to this species,
reproductive fecundity, etc.

Considering that larval and early juvenile stages develop in surface
waters and knowing that the DPS pelagic stage lasts about 1-2 months
(Fortibuoni et al., 2010; Heldt, 1938; Gargano et al., 2022), we applied
GAM modeling to identify the relationships between in-situ juvenile DPS
abundance and remotely-sensed SST, chlorophyll and their frontal
structures with a time-lag of one month. That is, pairing abundances to
the above parameters relative to the month before catch. Results show
that abundances are sensitive to proximity to SST fronts and high values
of chlorophyll front density.

In addition, the analysis of drifter trajectories in the area revealed
either recirculation or particle slow-down sites in the proximity of high
DPS abundances. This suggested that these sites may be favorable to the
foraging of the bottom community, by sinking of POC produced at the
surface. Thus, we compare the DPS total (adult and juvenile, caught at
the bottom) abundances to those of bottom POC flux, obtained from
surface primary production and models of POC sinking, remineraliza-
tion and horizontal advection-diffusion using model currents of the SoS.

Results indicate a link between DPS juvenile abundance and catch
depth, distance from SST fronts and chlorophyll front robustness. Also, a
good agreement is found between high POC concentration at the bottom
and DPS abundance patterns, but only when both 1-D sinking/remi-
neralization algorithms and horizontal POC diffusion are employed to
estimate bottom POC fluxes, given the highly dynamic structure of the
SoS circulation.

This work was stimulated by the fact that to improve our under-
standing of the environmental controls on benthic communities is key to
enhance our predictive capabilities in support of fishery management.
As there is no simple relationship between surface and bottom dynamics,
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this requires a comprehensive assessment of the multiple physical and
biogeochemical processes that can impact the distribution of benthic
communities and high trophic levels in coastal areas.

2. Materials and methods
2.1. Study area

The study area (Fig. 1) is located in the northern sector of the SoS
(south-central Mediterranean Sea) and corresponds to the General
Fisheries Commission for the Mediterranean (GFCM) Geographical Sub
Area 16 (GSA 16 - South of Sicily; FAO GFCM, 2009). Its continental
platform is made of two wide and shallow (<100 m) banks at the
western (Adventure Bank - AB in Fig. 1a) and eastern (Malta Plateau -
MP in Fig. 1a) boundaries of the Strait, respectively, connected by the
narrow Sicilian shelf between them. The banks’ margins are steep and
incised by many canyons and trenches.

The general circulation pattern is characterized by the eastward flow
(0-150 m depth) of relatively fresh Modified Atlantic Water (MAW)
entering the study area from the west as the energetic and meandering
Atlantic Ionian Stream (AIS in Fig. 1a; e.g. Robinson et al., 1999). The
AIS flows into the Strait offshore of Adventure Bank and at times flows
close to the southern coast of Sicily or meanders offshore in the middle
of the Strait (e.g. as in Fig. 1a). It then reaches the Malta Plateau and the
Ionian Sea to the east. Next, the area to the north, between the AIS path
and the south Sicilian coast is often subject to upwelling along the latter
coast, partly provoked and maintained by frequent and intense winds
blowing from the NW-SW sector in the area (e.g. Piccioni et al., 1988;
Béranger et al., 2004; Askari, 1998, 2001; see also Fig. 4a below). The
main geostrophic upwelling-related current (UC in Fig. la) flows
southeastwards along the southern Sicilian coast and enters the Ionian
Sea as a filament detaching from the southeastern tip of Sicily (Bignami
et al., 2008). Also, the UC is subject to instabilities caused by the
topography of the Strait, current horizontal shear between the coastal
waters and the AIS and stratification. Instabilities include the Adventure
Bank Vortex (ABV, cyclonic, Fig. 1a) located in the lee (southeast) of the
Adventure Bank, the Ionian Shelf break Vortex (ISV, cyclonic) located
over the Malta Plateau (Fig. 1a), off the southeastern coast of Sicily.

Latitude (°N)
37

Longitude (°E)
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Finally, an intermittent southward (offshore) branching of the upwelling
coastal current occurs from Sicily towards Malta, being ecologically
relevant for offshore export of pelagic fish larvae (Fig. 1; Falcini et al.,
2015).

2.2. Deep-water rose shrimp abundance data

The DPS abundance data were collected during bottom trawl surveys
carried out in the GSA 16 within the MEDITS (MEDiterranean Interna-
tional Bottom Trawl-Surveys; Bertrand et al., 2002) and GRUND
(GRUppo Nazionale risorse Demersali, i.e. National Demersal resources
Group; Relini, 2000) programs (Fig. 1, Table 1). The data collected in the

Table 1
Start and end dates (day/month) and number of stations of MEDITS (left) and
GRUND (right) 1998-2008 trawl surveys.

Surveys Start-end (dd/ n. Surveys Start-end (dd/ n.
mm) sta. mm) sta.

MEDITS 16/06-27/06 42 GRUND 01/10-12/12 62
1998 1998

MEDITS 28/05-09/06 42 GRUND No survey 0
1999 1999

MEDITS 26/05 - 05/06 42 GRUND 30/09-11/11 53
2000 2000

MEDITS 19/05-01/06 42 GRUND 04/09-18/11 53
2001 2001

MEDITS 11/07-04/08 66 GRUND 24/09-07/10 48
2002 2002

MEDITS 13/07-13/08 66 GRUND 12/09-06/11 48
2003 2003

MEDITS 11/06-09/07 65 GRUND 28/09-29/10 47
2004 2004

MEDITS 06/07-11/08 108 GRUND 12/11-23/12 126
2005 2005

MEDITS 20/05-12/06 114 GRUND 14/11-22/12 132
2006 2006

MEDITS 11/06-08/07 120 GRUND No survey 0
2007 2007

MEDITS 12/05-06/06 120 GRUND 11/10-18/11 151
2008 2008

+ 2004 [47 mtas}
+: 2008 (128

0E (133 %

Latitude (°N)
37

36,

Longitude (°E)

Fig. 1. (a) MEDITS (inset: P. longirostris) and (b) GRUND stations in the SoS, for 2004-2008 and bathymetry in meters (grayscale). These are the years of available
satellite SST and chlorophyll imagery and frontal products. Sampling stations (crosses) are color-coded for the years as in the legend, which displays also the total
number of stations per survey (NOTE: no GRUND trawl survey was carried out in 2007). Panel (a) also includes the Atlantic-Ionian Stream (AIS, dashed white arrow),
the Adventure Bank Vortex (ABV, cyclonic), the Ionian Shelf break Vortex (ISV, cyclonic), the upwelling current and its occasional southward branching (UC, dashed
red arrows). AB indicates the Adventure Bank, MP the Malta Plateau, less than 100 m deep, in the northwestern and southeastern limits of the Strait of Sicily.



F. Bignami et al.

years 2004-2008 were used for the GAM investigation of the relation-
ship with remotely sensed SST and chl frontal structures, the latter
having been produced for these years only (see Section 2.3 below). Next,
the 1998-2005 DPS abundance data were used to investigate the DPS -
POC bottom flux relationship, once again because POC calculations were
based on surface primary production (PP) maps available only for these
years (see Sect. 2.6). We recognize that the GAM and POC analysis DPS
data periods do not coincide, but we opted to use the maximum amount
of data available in each case, so as to have as robust as possible results
for an average/stationary situation.

In Table 1 we present the start/end dates and number of stations of
the 1998-2008 cruises analyzed in this work, even though the MEDITS
cruise program sampling was carried out in spring/early summer for the
1994-2010 period, while GRUND stations were sampled in autumn in
1990-2008, except for 1999 and 2007.

The MEDITS and GRUND sampling programs employed a random
sampling design stratified by depth (depth strata: 10-50 m, 51-100 m,
101-200 m, 201-500 m, 501-800 m). The entire catch of each sampling
station was analyzed in terms of number of individuals and weight per
species. DPS individuals were weighed, and the carapace length (CL)
was measured to the nearest mm. Density indices of DPS per station were
expressed as number of individuals per 100 km? (indiv./100 kmz),
assuming a catchability coefficient equal to 1. Note that the catch-
abilities of the gears used during the surveys, i.e. the GOC 73 trawl net
used for the MEDITS program and the Italian commercial tartana net
used for the GRUND sampling are not the same. Therefore, the abun-
dance indices (number of individuals per km?) from the GRUND surveys
were uniformed to those of the MEDITS surveys, by using a fishing
power correction factor of 0.84 proposed by Scalisi et al. (1998) for the
DPS. To estimate abundance by life phase, juveniles in their first year of
life were separated from adults as individuals below 20 mm CL using the
standardized length frequency distribution in number of individuals per
km? according to Colloca et al. (2015).

Average DPS abundances across all the GRUND and MEDITS surveys
were mapped. Each map was drawn by gridding (IDL software linear
interpolation) the abundance data recorded in the stations of each sur-
vey - one MEDITS and one GRUND survey per year - and averaging the
yearly grids for each of the two programs. The grid is made of 61 x 49
pixels, each with a linear dimension of 6.4 nautical miles (i.e. approxi-
mately 12 km), comparable to the average distance between stations in
the original data.

The corresponding abundance variabilities are also given, computed
at each grid point (i,j) as a proxy of the coefficient of variation among
the surveys, i.e.

[max(abundance(i,j,t)) - min(abundance(i,j,t))]/<abundance(i,j,t)>,

where tindicates surveys (i.e. years) and < > indicates the average value
over the surveys.

2.3. SST and chlorophyll satellite data

Daily sea surface temperature (SST) data were acquired from the
Multi-scale Ultra-high Resolution (MUR) Sea Surface Temperature
Analysis Level 3 dataset (https://podaac.jpl.nasa.gov/Multi-scale_
Ultra-high_Resolution MUR-SST). The maps cover the seas around
Italy (latitude range: 34° 00.00' N - 46° 00.00 N, longitude range: 009°
00.00'E — 020° 00.00' E), while we show here only the details of the SoS
for our purposes. The spatial resolution of the maps is about 1.1 km, i.e.
1002 x 1094 pixels, and the maps were combined into 8-day median
composites for the period 2004-2008. The 8-day span for the composites
was chosen after Miller (2009), in order to optimize some of the frontal
products described below, which needed multi-day observations, such
as front persistence and density.

Surface chlorophyll maps of the same time period and the same
spatial and temporal resolution as above were obtained from the
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MyOcean Level 3 daily surface chlorophyll (SeaWiFS sensor data,
MedOC4 algorithm of Volpe et al., 2007) for the Mediterranean Sea
(http://marine.copernicus.eu/).

Thermal and chlorophyll ocean fronts were detected on each daily
map (Miller, 2009) and used to generate 8-day and monthly ocean front
metrics using the method of Miller et al. (2015) and briefly described in
Table 2.

2.4. Generalized additive models (GAM)

Generalized additive models (GAM; Wood, 2006) were applied to
assess the relationship between abundance of DPS juveniles and
monthly averages of SST, chl distributions and the frontal parameters
cited above, for the period of availability of such frontal products, i.e.
2004-2008. DPS juvenile abundances recorded in the first (second) half
of a given month were paired to SST, chl and frontal product averages for
the previous (current) month, relative to the entire 2004-2008 SST/chl
frontal dataset period. GAMs use smoothing functions to model
nonlinear relationships (Hastie and Tibshirani, 1990) and they were
considered appropriate models for our study, due to the unknown form
of predictor-response relationships. The density of DPS juveniles in each
station was used as the response variable and modeled as a function of
the linear combination of smoothers representing the effects of the
different oceanographic variables. Initially, depth, SST, and chl and all
their front metrics (Fdist, Gdens, Pfront and Fdens, Table 2) were
considered as potential independent variables. However, collinearity
among covariates was examined with pair plots and variance inflation
factors (VIF), an index which measures how much the variance increases
because of correlation between predictor variables. The variables with
the highest VIF were iteratively removed until all covariates showed a
VIF <2 (Zuur et al., 2007). This caused Gdens and Pfront for both SST and
chl to be dropped from the analysis. Data for both surveys (MEDITS and
GRUND) were combined in a single data set, and year and season were
modeled as factors.

The DPS juvenile density was log-transformed and a GAM with the
Gaussian distribution and identity link function was applied. The
modeling procedure started by constructing a full model including all
the independent variables cited above. Smooth terms were modeled
using penalized thin plate regression splines with smoothing parameter
selection based on generalized cross-validation (GCV) criteria (Wood,
2006). Inspection of the residual GAM fit using semi-variograms gave an
indication of spatial autocorrelation, which generated a violation of the
assumption of independence (Zuur et al., 2009). In order to obtain a
more robust model accounting for spatial autocorrelation of the re-
siduals, a mixed GAM (GAMM; Zuur et al., 2009) with an exponential
spatial correlation structure nested in each season of the year was finally
used. The GAMM model is described as follows.

g(Yi) =+ ifk(xk) + &
k=1

Table 2
SST and chlorophyll front metrics description (Miller et al., 2015).

Metric

Meaning

Method

Fdist — distance
to front

Gdens — front
gradient
density

Pfront — front
persistence

Fdens — front
density

Distance of map pixel from the
closest major front

Local neighborhood average of
frontal gradients, avoiding the
discrete nature of individual
detected front contours
Fraction of cloud-free
observations of each pixel, for
which a front is detected
Single metric summarizing
front gradient, persistence and
also proximity to neighboring
fronts

Identified using a custom
simplification algorithm
Application of Gaussian
smoothing filter (sigma = 5
pixels) to mean gradient map

Count front occurrences plus
Gaussian filter smoothing of
result

Product of front gradient,
persistence and proximity
values
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& ~ Normal( 0,6%)

lifi=j
cov(e, &) = {

d
1 —erelse

with g(Yy) denoting the link function defining the relationship be-
tween the response variable Y; (juvenile abundance) and the additive
predictors x; (e.g. SST, chl and frontal parameters). a and fi(xx)
respectively denote the sought-for intercept and arbitrary smooth
function of independent variable xy. ¢; is a normally-distributed error for
Y;, having zero mean and ¢ variance. In the covariance model cov(e; ¢j),
d denotes the maximum separation distance of the residual (observed
minus estimated values) spatial position to be considered for the semi-
variance estimates (depicting the spatial autocorrelation of the resid-
ual sample points). r is the distance above which residuals are no longer
related (i.e. range). The maximum distance d was found to be 120 Km,
one third of the maximum distance between field data.

Model selection was performed using a backward stepwise proced-
ure, by dropping, one by one, from the full model those variables
resulting not significant and comparing the nested models (i.e. the
simplified model with parameters representing a subset of a complex
model) using Akaike’s information criterion (AIC) and likelihood ratio
test (Zuur et al., 2009). Standard diagnostics plots (Wood, 2006) were
used to assess model fit and validity. The GAM(M) was fitted with the
mgcv package (Wood, 2006) of the R v. 2.14.2 statistical package (R
Development Core Team, 2011).

2.5. Lagrangian drifter data

The drifter data we have used to characterize the surface circulation
features which could affect DPS abundance in the SoS are part of the
Mediterranean Drifter Data Base, which contains the vast majority of
near-surface drifters deployed in the last decades in the Mediterranean
Sea (see e.g., Zambianchi et al., 2017). The 199 drifters transiting in the
SoS and deployed between 1998 and 2005 have been analyzed in this
study.

These drifter data are processed and archived by the Istituto Nazio-
nale di Oceanografia e di Geofisica Sperimentale (OGS) in Trieste, Italy
(see https://nodc.ogs.it/). Time series of drifter positions in each tra-
jectory were filtered to remove high frequencies and then subsampled
every 6 h (see Poulain et al., 2012, for further details about dataset and
data treatment).

The drifters we have considered are mainly of two different types:
Surface Velocity Program (SVP) and Coastal Ocean Dynamics Experi-
ment (CODE) units. They are all characterized by the presence of a
drogue at a certain depth, aimed at maximizing current drag with
respect to the surface windage effects. SVPs are equipped with a holey-
sock drogue centered at 15 m depth (Lumpkin and Pazos, 2007), while
CODE and CODE-modified drifter drogues cover the upper 70 cm to 1 m
portion of the water column (Pisano et al., 2016). Therefore, the
different drifter types should provide information on the near-surface
current flowing at different depths. However, both reference depths
are well above the 50 m euphotic zone definition that we used in this
work for our model reconstruction, thus we can consider them equiva-
lently describing the near-surface velocity field.

2.6. Primary production (PP) and particulate organic carbon (POC) flux
data

We estimated the Particulate Organic Carbon (POC) 8-day mean flux
at the sea bottom, as a proxy of organic detritus, in order to compare its
spatial pattern to that of shrimp abundance. To do so, we utilized 8-day
surface primary production (PP) maps of the Mediterranean Sea for
1998-2005 (unfortunately not available for 2006-2008), produced with
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the empirical model by Colella (2006). The model by Colella (2006)
estimates PP as a function of SST (AVHRR sensor), chlorophyll from
satellite data (SeaWiFS, MODIS and MERIS sensors), SeaWiFS Photo-
synthetically Available Radiation (PAR), and a mixed layer depth (MLD)
climatology, the latter to reconstruct subsurface chlorophyll profiles
(D’Ortenzio et al., 2005). We acknowledge that the period of the PP and
POC data (1998-2005) differs from that of the DPS abundance
(1998-2008) and satellite SST/chl frontal products (2004-2008), but
the adoption here of a multi-year average for POC calculation somewhat
attenuates this problem. This is because of the high stability throughout
years of DPS nursery and/or spawning area spatial distributions and of
the main features of adult DPS distribution in the SoS (Fortibuoni et al.,
2010; Garofalo et al., 2011; Colloca et al., 2015), despite quantitative
variations of the latter in the more recent years (Sbrana et al., 2019).

The PP maps were used to estimate the POC fluxes at 50 m, chosen as
an approximate euphotic zone limit depth, by applying the 1-D model of
Pace et al. (1987; hereafter P87). We adopt this depth as a preliminary,
very rough value for the euphotic zone base depth, in the light of typical
values of light attenuation coefficient at 490 nm (K490) satellite data of
the area.

The POC flux below the euphotic zone as a function of depth z is
computed as (P87):

POC(z) =3.523 2°7% PP (inmg Cm™2d "’ converted tog Cm™2d ).

This equation is valid below the euphotic zone and was tested by the
P87 authors, using in situ datasets of simultaneous PP and POC flux
measurements, with uncertainties on the coefficients of about 25%.

We thus obtained 8-day POCs g4 fluxes at 50 m, from the PP maps.
The POCj5 g4 fluxes were then averaged into a single multi-year POC flux
map (POCsp) covering the 1998-2005 period. Bottom fluxes POCpy,
were obtained using the bathymetry depths of the area (NRL 5-min
bathymetry, see https://cmr.earthdata.nasa.gov/search/concepts/C1
214614815-SCIOPS.html) and the P87 algorithm described above.

The sensitivity of POCpy, estimates to the type of 1-D algorithm has
been somewhat tested by using also the algorithm described in Kriest
and Oschlies (2008; hereafter K08), in whose study the POC flux F(z) at a
given depth is computed as:

F(z) = F(20) <5> K

20

where z is depth, zp = 50 m is our euphotic zone base depth, F(z) is the
POC flux at 2, (we use our POCsy), 7 = 0.0302 d ! is the remineralization
rate as inferred in K08 and a = 0.0352 d~! is a parameter derived from
organic matter sinking velocity considerations, also described in KO08.
These 1-D POC flux algorithms neglect the effect of horizontal
advection/diffusion on POC distribution. However, the SoS is a site of
strong horizontal currents at all depths (see Sect. 2.1). These include the
AIS and the southern Sicilian upwelling system at the surface (e.g.
Robinson et al., 1999; Piccioni et al., 1988), the Levantine Intermediate
Water layer and the bottom current system, the latter two directed
essentially along-strait from the Ionian to the Western Mediterranean
Sea (e.g. Astraldi et al., 2001). All these dynamic features may signifi-
cantly shift POC laterally while sinking, and thus displace the deposition
sites relative to the surface productive zones (Siegel and Deuser, 1997).
To account for these horizontal processes, the 1998-2005 average
POCs5p map was fed, as an initial tracer field, to a Crank-Nicholson 2D
horizontal advection-diffusion scheme (courtesy of Dr. B. Zhang, Na-
tional Institute of Aerospace, USA). The code was run using the hori-
zontal current fields generated by the Sicily Channel Regional Model
(SCRM) circulation model, a widely validated Princeton Ocean Model
(POM) implementation for the SoS Area (Sorgente et al., 2011; Olita
et al., 2012; http://www.seaforecast.cnr.it/). A horizontal eddy diffu-
sion coefficient range 107 < Ky < 5 x 107 em? 571, resulting from real
drifter data in the area (Poulain and Zambianchi, 2007), was adopted in
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the advection/diffusion scheme. These values are of the same order of
magnitude of typical Ky values in the ocean (Corrado et al., 2017). Note
that Ky has been estimated with surface drifters, but we adopted it
throughout the water column in this first approximate study. Even
though the Crank-Nicolson scheme is unconditionally stable, the time
step At for the POC advection/diffusion simulations was conservatively
obtained by setting the Courant-Friedrichs-Lewy number of the advec-
tion/diffusion scheme CFL = Ky At/Ax® = 0.9, i.e. with the CFL <1
condition for stability in most schemes. This yields 1 < At < 5.2 h, given
the POC grid resolution Ax = 0.05° (5.3 km) and the above Ky range. At
is computed for each (4Ax Kp), couple in the various runs.

The code’s flowchart is, for each couple of simulation time steps i-1
toi:

1) the model horizontal current field at depth z; (to which the POC has
sunk) is obtained by linearly interpolating the model current vertical
levels just above and below z;

logy[indiv./100 km?]
2004 — 2008

Latitude (°N)

36
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2) At is computed for the (Ax, Ky) input values and the POC;; map
issuing from the preceding iteration is allowed to diffuse-advect
horizontally for a time At, using the above current field, thus
obtaining a first version of POC;, not yet attenuated;

3) POC; is then attenuated as POC; = POCi; x (zi/2i.1) %724, following
P87, or POC; = POCi.; (1 - R x At) in runs using K08;

4) all POC; pixels which have touched bottom (i.e. where z; greater or
equal local bathymetry) are removed from the POC; map and added
to an initially empty bottom POC flux map, POCpy,, which is our
output at the end of the simulation;

5) the depth z;,; of the next POC;,; map is calculated as ;7 = 2; + Vsink
x At, with a constant Vg introduced for the P87 algorithm or the
depth-dependent vy = 0.0352 z m d™! for the K08 algorithm;

6) repeat from item 1).

The algorithm stops at a given step i when z; of the sinking POC field
is greater than the deepest bathymetry value of the study area, or when
POC has decreased to practically near-zero, i.e. when max(POC;) < 10>

| T
10 1+2 34567
log,,[indiv./100 km?]
2004 — 2008

38

Latitude (°N
37 ™)

Longitude (°E)

17
Longitude (°E)

Fig. 2. Average rose shrimp abundance in log;o (indiv./100 km?), overplotted on bathymetry, for the (a) MEDITS and (b) GRUND surveys of 2004-2008, and
abundance variability (see Section 2.2) for (c) MEDITS and (d) GRUND 2004-2008. Regions that have never been sampled are in white. Panel (a) also includes
schematic locations of the Atlantic-Ionian Stream (AIS, blue curve), Adventure Bank vortex (ABV, cyclonic) and Ionian Shelf-break Vortex (ISV, cyclonic).
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gCm2dL

Note that the POC5¢ data are in g C d~'m™2, so our simulations treat
a one-day POCsp flux impulse issuing from the euphotic zone and
reaching the bottom. Therefore, the simulation results discussed below
do NOT give a measure of POCy, (e.g. multi-year) accumulation at the
bottom, but only reveal where surface-produced POC may be deposited
at the bottom. A very rough bottom POC accumulation estimate is ob-
tained by multiplying the obtained constant POCpg, by the number of
days of a given period of interest.

3. Results and discussion
3.1. Spatial patterns of deep-water rose shrimp abundance

The highest DPS abundances (orange hues in Fig. 2a and b) are on the
slopes of the Adventure Bank (AB in Fig. 2a), in the northwestern portion
of the Strait of Sicily, and along the southeastern coast of Sicily. More-
over, high abundances approximately coincide spatially with low inter-
annual abundance variability, both for the MEDITS and the GRUND
programs (Fig. 2c and d), thus suggesting a rather stable spatial distri-
bution. We add that these average patterns are quite independent of the
time series length. Indeed, as a “stability” test, we also computed the
averages for a longer period for which both GRUND and MEDITS data
were available to us, i.e. 1994-2008 (not shown), and we remark that the
average distribution is much the same as for 2004-2008 shown Fig. 2a
and b.

However, for completeness, we must cite the fact that changes in DPS
abundance in terms of individuals per unit area have been relevant in
the years subsequent to those of the data presented here, as shown in
Sbranaetal. (2019, see their Fig. 3). Nevertheless, the same figure shows
that the main geographic patterns of DPS distribution have remained
similar. Therefore, the reader may consider this study as a conceptual
and somewhat novel approach to identify the natural forcing of such
distributions, applicable to and to be verified with more recent datasets,
once the data types used here are available for other time periods.

Despite the observed constancy of the distribution patterns, some

MEDITS
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differences can be noted between MEDITS and GRUND abundance av-
erages, the cruises being carried out in May-July and September—De-
cember, respectively (compare Fig. 2a with b). That is, the highest DPS
abundances just east of Adventure Bank are deeper and more to the east
in the MEDITS spring-summer (Fig. 2a) than in the GRUND fall-winter
surveys. (Fig. 2b).

These spatial patterns are consistent with findings of earlier studies,
which investigated the location and persistence of spawning and/or
nursery areas of DPS over the period 1994-2004 (Fortibuoni et al., 2010;
Garofalo et al., 2011) and nurseries from 1994 to 2010 (Colloca et al.,
2015). The above authors observed a rather stable spatial pattern for
locations of high young-of-the-year and mature female DPS abundances.
According to Fortibuoni et al. (2010) these high abundance regions
extended towards deeper bottom depths during spring, in the Adventure
Bank Vortex (ABV) region, where we find high DPS abundance (Fig. 2a
and b).

The distribution of sampling stations vs. bottom (i.e. trawl) depth is
presented in Fig. 3a, b and DPS abundance vs. depth is shown in Fig. 3c,
d for 2004-2008. The latter show the wide depth range occupied by the
species (about 30-700 m), with higher abundances at shallower depths
during fall-winter (GRUND, Fig. 3d) compared to summer surveys
(MEDITS, Fig. 3c), as noted in Fig. 2 above. Also, Fig. 3¢, d qualitatively
anticipate the GAM results illustrated below, in that the juvenile por-
tions of the total abundances, represented by the grey parts of each
histogram bar, are always higher for the (shallower) 40-200 m trawl
depth range.

3.2. DPS abundance, remotely sensed parameters and GAM(M) results

Fig. 4 exemplifies the 8-day mean SST (Fig. 4a) and surface chloro-
phyll (Fig. 4b) distributions and the corresponding frontal analysis data
(Fig. 4c-h), relative to Oct. 15-22, 2004, i.e. during the 2004 GRUND
cruise. Red crosses and triangles indicate DPS abundance measured in
the stations of those days, respectively for abundances with more or less
than 50% juveniles in the catch of the station.

The cold feature (blue hues) between the AIS and the southern

GRUND
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Fig. 3. (a) MEDITS and (b) GRUND 2004-2008 survey station distribution vs. bottom depth; (c, d) 2004-2008 cumulative DPS abundance vs. depth. Total abun-
dance (in indiv./100 km?) is the total height of each histogram bar in panels (c) and (d) (grey plus black bar), while grey bars indicate juvenile abundances.
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Fig. 4. 8-day mean maps of satellite data, relative to Oct. 15-22 2004, with DPS abundances (indiv./100 km?) from the corresponding GRUND survey (Sep. 28 - Oct.
29, 2004). Red crosses (triangles) indicate abundance with more (less) than 50% juveniles in the catch of the station. Red circles indicate zero abundance. Abundance
symbol sizes are proportional to the log; (indiv./100 km?) in each station; the legend at lower left exemplifies symbol size for an abundance of 10 indiv./100 km?.
(a) MUR SST (in °C; the brown dotted curve is the AIS, the colder features north of the AIS are upwelling waters); (b) MODIS chl (mg m’3); (c) and (d) SST and chl
front density Fdens (Fcomp units); (e) and (f) SST and chl front probability Pfront (%); (g) and (h) Fdist distance to closest major SST and chl front (km) (light blue areas:

missing data due to cloud cover).

Sicilian coast (Fig. 4a) is due to coastal upwelling, reinforced by the
frequent local winds blowing from the NW-SW sector (Piccioni et al.,
1988). The waters at 22-23 °C, located south of the cold waters of the
upwelling zone, highlight the typical meandering of the AIS (Fig. 4a,
dashed line; Lermusiaux and Robinson, 2001; Robinson et al., 1999).
Finally, the cold upwelling waters off the southeastern tip of Sicily leave

the coast as a cold southward filament and flow into the Ionian Sea
(Fig. 4a; Bignami et al., 2008).

All the above low SST features match spatially with relatively high
chl values, in that the AIS meander (Fig. 4a) seems to be of the same
shape and in the same location of the southern boundary of a relatively
higher chl region lying between the AIS and the coast (Fig. 4b). This
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higher chl is a typical consequence of the enhanced surface primary
production, related to upwelling, in the northern sector of the SoS.

The AIS meander is consequently well evidenced also in the form of
the curve of an SST front density Fdens maximum in the middle of the
Strait (Fig. 4c, blue-purple lines), while the chl front is more uncertainly
marked, i.e. presents high Fdens values only the easternmost half of the
SST front meander (Fig. 4d). Indeed, interestingly no chl high Fdens
feature follows the westernmost AIS portion. The absence of a chl high
Fdens signature in the western part of the Strait possibly indicates a
southward dispersion of chlorophyll from the Sicilian upwelling zone,
across the AIS. Or, alternatively, there is no chl front in the west because
of the merging of similar chlorophyll contributions from the south
Sicilian and Tunisian coastal productive areas, which are closer to each
other than the Sicilian and Libyan coasts more to the east (Rinaldi et al.,
2014). Consistent with the picture described above, the front probability
Pfront maps of Fig. 4e, f also show that the AIS chl front is persistent only
in correspondence of the eastern half of the SST front high-probability
(AIS) meander.

Finally, in Fig. 4g, h we give an example of distance-to-closest-front
Fdist maps, in which each pixel has the value in km of its distance to the
closest major front, with 0 km values obviously matching the locations
of the fronts presented above.

The DPS abundance data in Fig. 4 also exemplify the frequent
occurrence of small nonzero abundances located in both the upwelling
zone and all the way offshore to the south, at the AIS border, the latter
abundances being represented by the small (low catch) triangles in all
Fig. 4 panels. This suggests that the upwelling waters’ offshore dispersal
may also affect the DPS distribution, via offshore dispersion of in-
dividuals. Indeed, the pelagic community has already been seen to be
importantly influenced by the above migration, as revealed e.g. in the
study of Falcini et al. (2015), relative to anchovy larvae. Also, the role of
the current in the larval dispersal of DPS on the SoS was recently
investigated by Gargano et al. (2022). By applying a backward-in-time
Lagrangian dispersion models to assess where the juveniles recruiting
in the nurseries distributed in the northern sector of the SoS come from,
the latter Authors confirmed the expected downstream connectivity
between spawning and nursery grounds along the Sicilian-Maltese shelf,
while a minor and time-varying contribution is due to potential
spawning areas identified off the African coast.

Depth, distance from the SST front Fdist, intensity of chl front Fdens
and year were the covariates retained in the best GAMM model influ-
encing the log-transformed abundance of DPS juveniles, obtained by a
stepwise procedure (Table 3). The adjusted R? coefficient of the best
model was 0.80. We remind that DPS juvenile abundances of the first
(second) half of a month were paired to the frontal product averages of
the previous (current) month, for 2004-2008. That is, we hypothesize
that the fifteen days previous to the catch influenced the abundance.

The comparison between the performance of the GAMM and the
corresponding GAM with the same fixed-effects covariates is shown in
Table 3, considering both the full model and the selected best model.
The calculation of the deviance explained was possible only for the GAM

Table 3
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model with the same fixed-effects covariates (Zuur et al., 2009) and it
resulted to be 80.60 % for the selected best model. The results obtained
from the covariance model show that data were correlated for distances
less than 7 km.

Fig. 5 shows the plots of the partial effects of the predictive variables
on the abundance of DPS juveniles. Depth down to 300 m was preferred
by juvenile DPS, which reached the maximum abundance between 150
and 250 m (Fig. 5a), as anticipated in the previous section (Fig. 3¢ and
d). Abundance was negatively correlated to depth for greater values of
the latter, again quantitatively confirming the juveniles’ preference for
shallower depths seen in Fig. 3c and d. Next, the effect of SST Fdist was
linear and positive for fronts closer than ca. 15 km while greater dis-
tances from SST fronts negatively affected the juvenile abundance, and
the effect became not significant beyond about 30-40 km (Fig. 5b).
Next, a non-linear effect of chl Fdens on juvenile abundance was found
(Fig. 5¢). Low values of chl Fdens negatively affect abundances, while
this effect turned to positive at ca. chl Fdens = 0.007 and increased up to
ca. 0.08. Above this value, the correlation becomes not significant
(Fig. 5¢). Finally, the season was not a significant factor, whereas a
significant inter-annual variability of juvenile DPS abundance was
observed (Fig. 5d). More specifically, abundance decreased until 2007,
when it reached its minimum value, and rose again in 2008.

In summary, our results show that depth has a significant impact on
the juvenile abundance, with numbers decreasing sharply by around
60,000 at depths of approximately 130 m and reaching near-zero levels
around 500 m, suggesting a strong correlation between DPS and depth.
However, the model also emphasizes the importance of proximity to SST
fronts and areas with high values of chlorophyll front density (Fdens) for
juvenile DPS. While these factors have a less pronounced effect than
depth, they still significantly contribute to high juvenile densities.
Indeed, hydrographic fronts are known to act as processes of mechanical
retention of fish larvae (Munk et al., 1999) and accumulation of
zooplankton (Agostini and Bakun, 2002), so this may also apply to
(pelagic) DPS larvae which may benefit of an expected increase of prey
availability in frontal zones, thus improving their feeding and growth.
These favorable feeding conditions may also affect DPS early juveniles,
which adopt vertical migration for feeding (Marin, 2009). Indeed,
zooplankton is normally included in the DPS diet even if it is a secondary
food item (Mori et al., 2000; Kapiris 2004). A large contribution of
zooplankton to the diet of DPS juveniles was found e.g. off the Algerian
coast (Nouar et al., 2011), with an increase of micro- and mesoplankton
preys observed during periods of high surface production linked to the
strong presence of mesoscale eddies in the area. Actually, fronts affect
distribution patterns of marine organisms at all trophic levels (Alemany
et al., 2014). In particular, the positive association between demersal
resources and semi-permanent frontal structures has been recently
documented in the southwestern Atlantic Ocean (Alemany et al., 2014).
However, this relationship is more intense when the trophic level of the
target species or the size of the individuals is smaller (Alemany et al.,
2014, 2018). For instance, Alemany et al. (2018) found that smaller fish
(juveniles) of a demersal species (Macruronus magellanicus), preying

Goodness of fit of GAM and GAMM with exponential correlation structure (Cor. Exp.) for both the full model and the selected best model, s indicates a thin plate
regression spline smoothing function. Parameters are: number of samples (n), degrees of freedom (df), Akaike’s information criterion (AIC) value, Log-likelihood ratio

test (L. Ratio), significance (p) and percentage of deviance explained (Deviance %).

Model n df AIC L.Ratio P Deviance %
Full In(YoY abundance+1) ~ s(depth) + s(SST_Fdist) + s(SST_Fdens) + s(chl Fdist) +
+s(chlFdens) + as.factor(year) + s(SST) + s(chD+ ¢
GAM 649 21 2408.07 81.60
GAMM (Cor. Exp.) 649 22 2312.64 98.42 <0.0001

Selected
GAM 649 12
GAMM (Cor. Exp.) 649 13

In(YoY abundance+1) ~ s(depth) + s(SST_Fdist) + s(chl Fdens) + as.factor(year)+ &

2394.01 80.60
2286.57 109.88 <0.0001
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Fig. 5. Partial plot of the best GAMM model. Each plot represents the derived effect of the predictive variables on the DPS juvenile abundance. The number in
parentheses indicates the estimated degrees of freedom for the model term (i.e. the amount of the basis function complexity used in the smoothing). Grey areas
indicate the 95% confidence interval. Data point densities are shown on the lower axis as a rug plot. (a) Trawl depth; (b) distance to closest SST front (SST_Fdist); (c)

chl front density (chLFdens); (d) cruise year.

upon zooplankton, were frequently located along frontal areas on the
southern Patagonian shelf. This positive relationship was probably
related to the trophic level of juveniles being lower than that of adults.
Also, in the Mediterranean Sea individuals of first-year European hake
(Merluccius merluccius) were preferably located where productive fronts
frequently occur near the shelf break (Druon et al., 2015).

3.3. Deep-water rose shrimp abundance and bottom POC flux

Numerous studies find correlations between oceanographic surface
parameters and demersal/benthic species abundances (e.g. Sbrana et al.,
2019 and references therein). Some of these studies treat the effects of
the transmission of the surface physical and biological signal to the
benthic community. These studies are not numerous, in that the prac-
tical realization of this analysis is extremely costly, in terms of instru-
mental and human effort. The contemporaneous observation of the sea
by means of remote sensing platforms, surface in situ surveys and water
column and sea bottom instrumentation (e.g. CTD, sediment traps,
biological sampling, etc.) is a tremendous challenge, as may be easily
inferred from studies such as that of Rowe and Mahlon (2008) and
companion papers. Therefore, given that lack of contemporaneous ob-
servations in the region of interest, we made a preliminary somewhat
“remote” attempt to investigate the possible links between DPS abun-
dance at the bottom of the SoS and foraging of the latter habitat by
surface dynamics and biological production, based on the available data
discussed below. This attempt by no means negates the importance of
the influence on DPS distribution of deep or bottom environmental pa-
rameters, such as oxygen availability for respiration or turbidity con-
ditioning e.g. predation success. However, unfortunately these data sets
are sparse. Anyway, where available, they could be the object of more
punctual and exhaustive studies, possibly also by means of dedicated
research cruises.

Our first step was to analyze a set of 199 drifter trajectories transiting

10

in the Strait during 1998-2005, to infer mean horizontal surface trans-
port and possible accumulation/stagnation sites of biological scalars.
This was done in the light of recent investigations aimed at evaluating
the importance of the various drivers of biological community dynamics
(Cianelli et al., 2017) and partly following the ocean triad concept of
Bakun (1998). This is because these stagnation sites could forage the
benthic community via organic particle sinking without lateral
dispersal.

Single-drifter trajectories were considered, as well as a multi-drifter
statistical analysis, given the probably long-time scales with which
surface waters may influence the bottom community. Fig. 6a shows a
drifter entering the SoS from the northwest, transiting on the Adventure
Bank and slowing down close to the Sicilian coast, while describing a
circular anticyclonic motion, as highlighted by the blue circle in the
figure. The drifter’s slowdown is conveyed to the reader in the form of
the trajectory’s data points being closer together in space, since they are
separated by a constant time interval. Next, the drifter describes another
closed path more to the southeast and finally exits the Strait off Cape
Passero (SE tip of Sicily), into the Ionian Sea. The closed portion of the
trajectory in Fig. 6a is located over high DPS abundance (inset in Fig. 6).
This indicates that surface biological material produced over Adventure
Bank (see chl in Fig. 4b) may well transit to the high DPS abundance area
and sink there, due to the observed recirculation.

The drifter slowdown in the blue circle sub-area of Fig. 6a is also
evident in the spatial distribution of the average drifter residence time in
Fig. 6b, computed over all drifters transiting in each of the colored
rectangles in the figure. The figure indeed indicates a relative maximum
of about 10-20 days close to the recirculation site (green square, close to
the coast). The relatively low velocities and therefore longer transit
times in most drifter data from the SoS are also clearly shown in the
results of Poulain and Zambianchi (2007), relative to the near-surface
circulation observed in the 1990s. The authors find that the mean ki-
netic energy of the flow in the area highlighted in Fig. 6 is the lowest of
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evidences the inshore recirculating portion of the trajectory; black asterisks indicate deployment site and first few data points. Inset: 2004-2008 average shrimp
abundances of Fig. 2a. (b) Residence time (days) in each rectangular 0.5 x 0.5-degree box, for all 199 drifters deployed in 1998-2005 and transiting in the Strait

of Sicily.

that sector of the Strait, thus yielding its largest eddy/mean kinetic
energy ratio (see their Fig. 6a and c). Also, the immediate connection
between surface waters of this area and those of the Adventure Bank
located upstream was seen to be strongly dependent on prevailing
winds, and in particular favored by the northwesterly wind regime,
which is the most frequent in the area of the Straits (Poulain and Zam-
bianchi, 2007). Finally, our 199-drifter dataset indicates that 30 out of
the 60 drifters transiting over Adventure Bank reach the recirculation
area or its vicinity, 11 of them transit through the circled area of Fig. 6
and slow down, and 5 of these recirculate similarly to the drifter of
Fig. 6a.

The observed recirculation in the high DPS abundance area and the
general southeastward flow (not shown) from the highly productive
Adventure Bank towards the Ionian Sea, suggested to analyze bottom
foraging of Particulate Organic Carbon (POC) produced at the surface
and reaching the bottom while re-mineralizing and undergoing hori-
zontal advection-diffusion. This effort was carried out with the modeling
tools described in Section 2 and was inspired by the study of Biggs et al.
(2008) relative to the remarkably complete Deep Gulf of Mexico Benthos
Program (see Rowe and Mahlon, 2008 and companion papers). These
authors find that surface POC sinking to the bottom is indeed significant,
if not crucial, in foraging the benthic community.

Fig. 7a shows the 1998-2005 average daily POC flux at the base of
the euphotic zone (POCjsp), computed from surface primary production
maps (Colella, 2006; see Sect. 2.6) and using the Pace et al. (1987), i.e.
P87, remineralization algorithm at 50 m (see Sect. 2.2). POCsp consti-
tutes the initial input field to the simulations of POC re-mineralization
and sinking and lateral advection/diffusion, described in Section 2.4
above.

The average bottom daily POCy, fluxes resulting from a first 1-D
study, i.e. with no horizontal advection/diffusion, are shown in
Fig. 7b and c. These POCp, fields are computed using the P87 depth-
dependent formula and the KO8 (vsinx, R) algorithm, respectively. It is
encouraging to note that these two independent models yield very
similar results, which fact suggests the results’ robustness, thus some-
what mutually validating the models. Indeed, percentage differences
(not shown) reach at most about 20% between P87 and KO8 and this
occurring in the deeper portions of the area.

The comparison of shrimp abundance (Fig. 2a and b) to 1-D POCpg,
distribution suggests only very partial superposition of DPS high abun-
dance and POCp, high values. Indeed, the highest POCpm, flux occurs at
shallower depths, e.g. over Adventure Bank, where DPS abundances are
low on the Bank center, thus revealing lack of spatial correlation be-
tween DPS and 1-D POC fluxes. Nevertheless, in both models the small,
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isolated POCp;;, maxima located east of Adventure Bank (dashed red
circle in Fig. 7b and c) are very close to the persistent spawning and
nursery areas (Fig. 7d; see also Giannoulaki et al., 2013). This may point
to a trophic relationship between DPS early life stages and POCypp, in the
nursery areas.

On the other hand, the match between DPS abundance and some of
the POCy, distributions resulting from the 1-D algorithms combined
with horizontal advection-diffusion seems more promising, though in
need of parameter tuning and experimental confirmation. The latter
concept is exemplified in Fig. 8, which shows POCp,, obtained by letting
the 1998-2005 average POC flux at 50 m (POCsp), sink and re-
mineralize with the P87 algorithm and diffuse/advect horizontally
with the Sicily Strait 2008-2010 averages of the depth-dependent hor-
izontal currents. The computational flowchart was described in Section
2.6 above.

The modeled POC flux appears very sensitive to sinking velocity Vsink
and horizontal diffusion coefficient Ky (Fig. 8). Fig. 8a—c shows that as
Ky increases POCpy, decreases. This is possibly because a stronger
diffusion spreads, and thus thins out, the initial POCs¢ field, also
“smearing” the initial maxima visible in Fig. 7a, in correspondence of the
upwelling zone. Therefore, as Ky increases: (1) less POC deposits at the
shallow depths where the POC5y maxima are located, because it is more
rapidly diffused to locations with greater depths and (2) the diffused
POC cannot reach the bottom at the latter deeper sites, because of a
longer action of remineralization occurring through a deeper water
column as it falls to the bottom.

Next, the role of vy is inferable by comparing Fig. 8a and d and the
other analogous figure couples with same Ky and different vginpx. These
show that when vy is increased - in our case from 2 to 5 m d~! - more
POC reaches the bottom, occupying deeper sites. This is because a faster
transit through the water column limits in time horizontal diffusion, and
thus the above smearing of the POC maxima, as the POC sinks (remi-
neralization is unaffected by vk in our parametrization).

Therefore, the simulation that delivers most of the POCp, to the high
shrimp abundance zones of Fig. 2a, b is the one with lowest Ky, i.e. 107
em? s~ ! and fastest Vgink, i.e. 5md ! (Fig. 8d). The fluxes range between
10~*and 1072 g C m 2 d . Interestingly, this flux range is comparable
to that observed in the Gulf of Mexico (circa 4-38 103 gCm2d™};
Biggs et al., 2008, see their Table 3), where POC flux spatial variability
has been experimentally proven to affect the spatial distribution of the
benthic communities. However, the uncertainty in Ky and vginx used in
the SoS calls for thorough verification with an in-situ study and
constitute a caveat for the use of modeling tools in such process studies.

We also show for completeness (Fig. 9) the simulations using the
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Fig. 7. (a) average POCsp at 50 m for 1998-2005 computed from PP maps, via the 1D P87 model (base-10 logarithm of the POC in g C m2 d’l); (b) average bottom
POC flux, POCpm, 1998-2005, 1D P87 model (white areas indicate POCp,, = 0); (c) same as in (b) but computed with the 1D KO8 model; (d) In blue: persistent DPS
spawning areas; in red and pink: persistent nursery areas. The dashed red circle in Fig. 7b, c indicates POCpm, high close to such areas. Please note the different POC

flux range in panel (a) with respect to (b) and (c), adopted for graphic clarity.

same horizontal advection/diffusion scheme but coupled to the K08 re-
mineralization R and depth-dependent sinking velocity scheme (Vsinx =
0.0352 z m d 1), instead of P87 with constant vy Results are
conceptually similar to those in Fig. 8, ie., as Ky increases (Fig. 9a—c)
POCp, is more localized at the sea bottom beneath high initial POCsy
areas. We also see that the (Vsin(2), R) model of KO8 increases POCpm,
with respect to simulations with P87 (compare Fig. 9 to each row of
Fig. 8). This is because vnx(2) becomes much higher than in the fixed
case, inducing less diffusion as POC sinks.

Fig. 10 shows histograms of DPS abundance vs. POCpyy, for the
MEDITS and GRUND programs, for the most “favorable” simulation
cases, i.e. in which nonzero POCp, is the most spatially widespread.
These are the cases of Fig. 8d (P87 model, Ky = 107 em?s ™!, Vg = 5m
d™) and 9a (K08 model, Ky = 10’ cm? s~L, variable vgy) and are
reproduced as insets in Fig. 10a and c.

The histograms of Fig. 10 confirm that most of the DPS is located
where POCpyy, is in the 107> - 1072 gC m24d! range. In addition, the
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histograms qualitatively suggest that juveniles are often more present
where POCpyy, has higher values, again possibly indicating that they are
trophically closer to POC benthic direct consumers. E.g. the juvenile
(grey) portion of histogram bars seem to be greater for POCpy, approx-
imately in the 10™- 1072 g Cm~2 d ™! range in Fig. 10a—c, though not in
Fig. 10d. Moreover, a high quantity of DPS is present at very low POC
values in Fig. 10b and c. Therefore, a more quantitative analysis is
needed, e.g. once the issues relative to model parameter choice (e.g.
Vsink» Ky) have been better addressed.

It is worth noting that the POCy,, spatial distribution does not change
much with respect to the shown simulations, when one uses temporally
different horizontal current fields or euphotic zone POCsy fields, such as
daily snapshots. This results from additional runs (not shown) carried
out using horizontal currents relative to Feb. 14 and Jul. 14, 2001,
coupled with POCs obtained from the corresponding weekly primary
production maps.

Our results confirm the major role of the POC flux to the bottom in
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mineralization algorithm (Vsin(2), R) and the 2008-2010 average horizontal model current field. Panels (a)-(c) show different realizations of POCp, for horizon-
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in Fig. 7.

the benthic-pelagic coupling within the trophic web, as described in
general by Tecchio et al. (2015) for Mediterranean deep-sea ecosystems

and in particular by Agnetta et al. (2019) for the SoS.

4. Conclusions

This study is an attempt to explain the observed spatial pattern of the
demersal deep-water rose shrimp (P. longirostris; 3alpha FAO code: DPS)
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in the light of the circulation patterns, the presence of strong and
persistent surface thermal and chlorophyll fronts and high surface pri-
mary production variability in the Strait of Sicily (SoS). We can sum-
marize the results as follows.

1. The spatial distribution of DPS derived from data collected during
2004-2008 bottom trawl surveys in the SoS show maximum con-
centrations over the eastern slope of the Adventure Bank and along
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Fig. 10. (a) MEDITS (summer, left panels) and (b) GRUND (fall, right panels) 2004-2008 cumulative abundances vs. POCp,,, obtained via the P87 algorithm and
advection/diffusion with model horizontal currents (average 2008-2010) and Ky = 107 cm? s71; (¢) and (d) the same, but for POCpy, obtained with the KO8 algorithm
and model currents. Total abundance (in indiv./100 km?) is expressed by the total height of each histogram bar (grey plus black bar), while grey bars indicate
juvenile abundance. Insets reproduce POCy,, the spatial distributions of these simulations, i.e. Fig. 8d and 9a.

the southern Sicilian coast. Nonzero DPS abundances are always
confined to the upwelling zone (UC) inshore of the AIS, even though
with some offshore transport of individuals by means of the up-
welling filaments. This spatial distribution is in line with previous
studies carried out in different time periods (Fortibuoni et al., 2010;
Garofalo et al., 2011; Colloca et al., 2015). This suggests that this
distributional pattern is stable over time despite quantitative varia-
tions in the more recent years (Sbrana et al., 2019).

. GAMM analysis shows that DPS juvenile abundance is significantly
linked to depth as well as to distance from SST fronts and to front
density (i.e. robustness) of chlorophyll fronts.

. We find that high DPS abundance does not simply superpose
spatially to bottom POC fluxes (POCyp,,) except for a partial overlap
in DPS nursery areas, east of Adventure Bank, when these fluxes are
computed using 1-D simulations only.

. However, POCpy, fields obtained with simulations using the 1-D
model coupled to the horizontal advection/diffusion with model
currents in some cases do yield encouragingly high values corre-
sponding to high DPS abundance and nursery sites. This suggests a
significant role of ocean circulation and biogeochemical dynamics on
DPS abundance, and that DPS juveniles may be trophically closer to
benthic POC consumers located where POCy,,, is more abundant.

. The simulated POCy, spatial distribution does not change qualita-
tively when using different horizontal current fields or euphotic zone
POC3y fields, such as daily/weekly snapshots or single- or multi-year
averages. Nevertheless, all simulations to obtain POCpm, are highly
sensitive to the choice of the 1-D model type for POC sinking and
remineralization and the horizontal diffusion coefficient Ky. This
represents a caveat for accurate modeling of POC deposition and
calls for thorough further investigation.

Future experimental and modeling work should be dedicated to: (1)
refining the modeling effort with observation-constrained model pa-
rameters; (2) assess whether this methodology may yield the same
findings for datasets relative to more recent periods, in which the DPS
abundance has varied; (3) investigate the role of water column and near-
bottom environmental parameters (dissolved oxygen, water turbidity,
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etc.) in shaping DPS distribution; (4) fill the gap between the POC flux
and the DPS abundance, via further investigation of the diet of its
various life stages in the SoS; (5) assessing the temporal variability of
what we found in this study, which preliminarily treats the phenome-
nological situation as stationary.

Improving our understanding of environmental controls on DPS
abundance in the Strait of Sicily will allow us to increase predictive
capabilities in support of fishery management of this main target spe-
cies. This not only in that specific area but also in other regions world-
wide characterized by high surface primary production and strong
vertical motion associated with fronts and upwelling.
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