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Massive shelf dense water flow 
influences plankton community 
structure and particle transport 
over long distance
Fabrizio Bernardi Aubry   1, Francesco Marcello Falcieri1, Jacopo Chiggiato   1, Alfredo Boldrin1, 
Gian Marco Luna2, Stefania Finotto1, Elisa Camatti1, Francesco Acri1, Mauro Sclavo1,  
Sandro Carniel1 & Lucia Bongiorni   1

Dense waters (DW) formation in shelf areas and their cascading off the shelf break play a major role in 
ventilating deep waters, thus potentially affecting ecosystem functioning and biogeochemical cycles. 
However, whether DW flow across shelves may affect the composition and structure of plankton 
communities down to the seafloor and the particles transport over long distances has not been fully 
investigated. Following the 2012 north Adriatic Sea cold outbreak, DW masses were intercepted 
at ca. 460 km south the area of origin and compared to resident ones in term of plankton biomass 
partitioning (pico to micro size) and phytoplankton species composition. Results indicated a relatively 
higher contribution of heterotrophs in DW than in deep resident water masses, probably as result of 
DW-mediated advection of fresh organic matter available to consumers. DWs showed unusual high 
abundances of Skeletonema sp., a diatom that bloomed in the north Adriatic during DW formation. 
The Lagrangian numerical model set up on this diatom confirmed that DW flow could be an important 
mechanism for plankton/particles export to deep waters. We conclude that the predicted climate-
induced variability in DW formation events could have the potential to affect the ecosystem functioning 
of the deeper part of the Mediterranean basin, even at significant distance from generation sites.

The open-ocean dense water convection has long been acknowledged as substantial player in the global thermo-
haline circulation, while only recently the role of dense water formation over the shelf and cascading off the shelf 
break1,2 has been recognized. The dense shelf water cascading (DSWC) is a type of gravity current, occurring 
when dense water (DW) forms over the continental shelf due to atmospheric forcing (i.e. cooling or salification 
of coastal waters). Once formed those waters descend down the continental slope as near-bottom gravity current 
or as intermediate-depth intrusion1. Although more than 60 sites of cascading have been documented around the 
world, due to its highly intermittent nature both in time and in space, the wider-scale significance of this phenom-
enon has still to be quantified1. DSWC off the shelf break has been recognized as having a major role in bringing 
oxygen to deep water masses3 and, by providing cross-shelf transport of organic matter, nutrients, oxygen and 
organisms, it has the potential to change the biodiversity of deep-sea communities, affecting biogeochemical 
cycles, and influencing the overall deep-sea functioning3–5. Although some studies have documented episodic 
changes of abundance, biomass and composition of plankton along water column as result of winter convective 
events6–10, studies on the effects of shelf DW advection on the plankton communities are still insufficient. Yoder 
and Ishimaru11 reported unusual high concentrations of phytoplankton (especially of two diatoms, Skeletonema 
costatum and Asterionella japonica) in DW cascaded off the southeastern United States continental shelf, at depths 
higher than 100 meters. Recently Luna et al.12 demonstrated that the flow of dense currents over the sea floor 
increased the abundance of deep-sea prokaryotes, shaped microbial community composition and stimulated 
microbial biomass production and organic matter degradation rates. Filling this gap of knowledge, not just for 
few species but for the whole plankton community, is undoubtedly important, given that plankton organisms are 
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the major agents of biogeochemical cycling and ecosystem functioning and account for a consistent fraction of 
marine biodiversity13,14. Moreover, planktonic organisms have shown to be extremely sensitive to climatic and 
oceanographic changes15. In light of the foreseen climate changes and its possible effects on the magnitude and 
frequency of DW formation2, it is of paramount importance to understand how those modifications will affect the 
ecosystem functioning and the energy flow across the trophic web, from surface to deep seas.

The Mediterranean Sea is a semi enclosed basin affected by strong interactions with the surrounding lands 
and for this reason is highly vulnerable to climate changes, providing an optimal case study for addressing the 
relationships between local climate, coastal oceanography and ecosystems effects16. Within the Mediterranean, 
the northern Adriatic Sea is one of the three generation sites of dense shelf water formation along with the Gulf 
of Lion and the northern Aegean Sea17. In this area, the severe heat loss and evaporation occurring during cold 
outbreaks associated to the Bora (a cold and dry north-easterly wind) densify the resident water mass producing 
the so-called Northern Adriatic Dense Water (NAdDW)18–20. This water mass leaves the area of generation as a 
buoyancy-driven, bottom-arrested current travelling along the western Adriatic shelf in nearly geostrophic equi-
librium and, after 2–4 months, reaches the southern Adriatic where it sinks to the deep-sea intermittently through 
multiple cascading events21–23.

During February 2012, the European region experienced the most significant severe cold spell event of the past 
30 years, which triggered significant heat loss in the northern Adriatic as well as in other northern Mediterranean 
shelves24. The cold air outbreak (CAO), associated to a severe cold and dry flow of northeasterlies25 and the very 
limited discharge of the Po River in the preceding fall, caused the formation of exceptional dense shelf water2,22. 
Following this event, an interdisciplinary, multiplatform, dedicated cruise (ODW 2012) was organized and water 
samples were collected in the southern Adriatic at about 460 km from the area of origin where the main cascading 
events take place. This rapid response cruise presented several logistical complexities due to a short planning 
time. Anyway, it gave the unique chance of investigating a massive stochastic event, that otherwise would have 
been only partially studied through moored or drifting instrumentations deployed before the event. The simul-
taneous collection of water samples with the DW passage was possible thanks to an ensemble of hydrodynamic 
models and Lagrangian simulations implemented right after the DW formation event. The positioning of each 
station was planned with the aid of those simulations before field activities, and operationally checked while off 
shore. To our knowledge, this innovative sampling approach, matching biology, oceanography and modelling, 
has been applied very rarely in biological studies. In our case, this was very effective for a precise selection of geo-
graphical positions and depths of sampling sites and the collection of distinct water masses, allowing us to explain 
complex interactions between physical and biological processes.

With the aim of investigating the influence of the DW flow on the structure of the plankton communities, 
from pico- to micro- size classes, 28 samples representing water masses of different origin (including DW and 
resident waters) were collected at 13 stations (Fig. 1). The partitioning of plankton biomass and the phytoplankton 
species composition of different water masses were compared to answer the following questions: i) does the flow 
of DW affect the biomass and relative contribution of the different plankton size classes in resident water masses? 
ii) are the phytoplankton diversity and community structure affected by DW advection? iii) could the dense water 
flow actively transport small particles from the NAdDW generation area to the cascading site? iv) are the high 
concentrations of Skeletonema sp. (up to 40% of phytoplankton abundance) found in dense water samples during 
the 2012 event connected with a phytoplankton bloom in the NA during the generation event?

Results
Definition of water masses in the study area.  Water mass characterization was performed based on 
temperature, salinity and dissolved oxygen following an equivalent classification used in Luna et al.12, with the 
inclusion of the Shelf Water to account for additional sampling depths considered here (Fig. 2, Supplementary 
Table S1). A full review of the water masses in the area is available in Chiggiato and colleagues26. Three distinct 
masses were identified in the surface and subsurface layers (Fig. 2, Supplementary Table S2): a low-salinity water 
of riverine influence (WACC, Western Adriatic Coastal Current, between 0.5 m and 15 m depth), a shelf water 
mass generally well mixed by wind and tides (Shelf; 15–26 m) and a higher-salinity, slightly warmer mass defined 
as Offshore Upper Layer (OUL, 0.5 m), most likely influenced by lateral advection of Ionian Surface Water and 
found at stations off the shelf. Near the sea floor, two types of NAdDW were intercepted: a slightly warmer and 
less dense (low content of NAdDW detected between 72 and 82 m depth, hereafter named lNAdDW) formed 
by NAdDW mixing with resident waters while travelling on the shelf and a relatively purer DW (high content 
of NAdDW, ranging between 113 and 141 m depth, hereafter named hNAdDW). Two stations intercepted the 
Modified Levantine Intermediate Water (MLIW) at depths between 133 and 173 m, a relatively old water mass 
with low dissolved oxygen content. The New Adriatic Deep Water (nADW) was found near the bottom at two 
stations (367 and 600 m). This water mass is relatively richer in dissolved oxygen than the resident one being 
generated by recent cascading of NAdDW turbulently mixed with MLIW along the descent. Old ADW (oADW), 
generated in previous years and therefore strongly depleted in dissolved oxygen, was found at the deepest station 
(1194 m).

Plankton biomass partitioning.  Total plankton biomass (from pico to micro size) showed a decreas-
ing trend from the surface (on average 29.3 μgC L−1) to the deepest water masses (0.3 μgC L−1; Fig. 3A, 
Supplementary Table S2). The plankton biomass partitioning (contribution of autotrophic vs heterotropic pico, 
nano and micro organisms size-classes, details in Materials and Methods), showed a clear difference between 
surface and deep waters (Fig. 3B), as confirmed by ANOSIM (Global R = 0.921, p < 0.001). All surface and sub-
surface water masses were characterized by the dominance of phytoplankton biomass (average 95%, mainly large 
diatoms in the range between nano and micro-size) and by low biomass of heterotrophs (average 5%, mainly 
picoplankton, Fig. 3B). Deep waters displayed a comparatively higher contribution of heterotrophs (range 9–73%, 
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Fig. 3B); this was reflected in a higher heterotrophs to autotrophs ratio (H/A) compared to surface/subsurface 
waters (Supplementary Table S2). The deepest oADW showed peculiar characteristics: lowest plankton biomass 
and autotrophic contribution (27% of biomass, mainly represented by nanoflagellates and benthic resuspended 
nano-sized diatoms), and the prevalence of heterotrophs (73%). In this sample, heterotrophs were dominated 
by small pico- and nanoplankton (39% and 24% of whole biomass respectively); moreover, microzooplankton 
contribution (10%, mainly eggs, copepods nauplii and non-loricate ciliates) was the highest of the whole dataset. 
When excluding oADW, the other deep water masses (including DWs) shared similar plankton composition 
and maintained distinctive characteristics in comparison to shallow waters: a relatively lower average biomass 
contribution of autotrophic microplankton (67% as opposed to 82% in surface/subsurface waters) and a higher 
percentage of heterotrophic pico- (average 11%), nano- (average 4%, mainly nanoflagellates and dinoflagellates 
of the genus Gyrodinium spp.) and microplankton (average 2%, Fig. 3B, Supplementary Table S2). It is worth 
mentioning that among deep waters, both NAdDW and nADW displayed a higher contribution of heterotrophs 
(higher H/A) than the MLIW which in turn hosted the highest contribution of pico-autotrophs (12%). Moreover 
microzooplankton in the NAdDW reached up to 5% of the total biomass (7% at station 29 where the densest 
waters were intercepted), while this component was almost absent in nADW and MLIW.

Figure 1.  Map of the investigated area (red frame) in the southern Adriatic Sea (A). Maps showing the 
localization of the sampling stations at surface (B) and deep (C) water layers. The yellow and green circles in 
map A depict the areas occupied by the Jabuka Pit and the Pelagruza Sill, respectively. Water masses’ acronyms: 
Shelf (Shelf Water), WACC (Western Adriatic Coastal Current), OUL (Offshore Upper Layer), MLIW (Modified 
Levantine Intermediate Water), NAdDW (Northern Adriatic Dense Water), nADW (new Adriatic Deep Water) 
and oADW (old Adriatic Deep Water). For water masses definition see the text. Six additional samples collected 
at the subsurface Deep Chlorophyll Maximum at stations 42 and 43b (Shelf), 44 (WACC), and 91, 93 and 94 
(OUL) are not showed in the maps. Maps generated by using MATLAB 8.5 http://uk.mathworks.com/products/
matlab (map A) and ODV 4.7.10 (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2017, maps B and C).

http://uk.mathworks.com/products/matlab
http://uk.mathworks.com/products/matlab
http://odv.awi.de
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Figure 2.  T-S plot of CTD casts; all casts (grey dots) on the background. On the foreground, coloured dots 
show the location on the T-S plot of the samples considered in this study. The associated coloured labels identify 
the water mass: Shelf (Shelf Water), WACC (Western Adriatic Coastal Current), OUL (Offshore Upper Layer), 
MLIW (Modified Levantine Intermediate Water), lNAdDW (Northern Adriatic Dense Water, low content), 
hNAdDW (high content), nADW (newly generated Adriatic Deep Water) and oADW (old, resident Adriatic 
Deep Water); numbers correspond to density anomaly (kg m−3); lines inside the plot are isopycnals of potential 
density anomaly (kg m−3).

Figure 3.  Autotrophic (dark gray bars) and heterotrophic (light gray bars) plankton biomass (A). Plankton 
biomass partitioning (expressed as percentage over the total biomass) in the different water masses (B); 
autotrophic pico-(A_PICO), nano-(A_NANO), micro-(A_MICRO), heterotrophic pico-(H_PICO), nano-(H_
NANO), micro-(H_MICRO) plankton.
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Phytoplankton species composition.  The phytoplankton community in the analysed water masses was 
composed by a total of 178 taxa: diatoms (97 taxa), dinoflagellates (51), coccolithophorids (18), Chrysophyceae 
(3), Euglenophyceae (3), Prasinophyceae (2), Cryptophyceae (2), silicoflagellates (1) and nanoflagellates (1).

NMDS ordination showed a significant separation of samples according to water masses (ANOSIM test, 
Global R = 0.760, p < 0.001; Fig. 4A). The deepest oADW, characterized by the lowest number of species and 
phytoplankton abundance (mainly represented by the benthic diatom Achnanthidium minutissimus), showed 
the highest dissimilarity with the other water masses (between 68% and 95%). Among surface/subsurface waters 
the coastal station 46 (WACC) showed a clear separation from the other surface/subsurface samples (63% of 
dissimilarity). A clear separation occurred also between all surface/subsurface water masses and the deep water 
masses (69–82%). Among deep waters, lNAdDW grouped apart from MLIW, nADW and hNAdDW (50% of 

Figure 4.  Non metric Multidimensional scaling (NMDS) of phytoplankton species composition in different 
water masses (A), each point symbolizes a sample and different symbols correspond to different water masses. 
Percentage composition of the most representative phytoplankton species (total species abundance accounting 
for >50%) characterizing each water mass and samples highlighted by NMDS (B). Data are reported as relative 
abundance; undetermined taxa (Cryptophyceae, coccolitophorids, nanoflagellates, dinoflagellates) are reported 
as others.
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dissimilarity), while station 29 corresponding to hNAdDW (where the coldest and densest water mass of the 
whole study was intercepted)26 was very dissimilar respect to the other masses (62–91%, Fig. 4A).

Differences between water masses or sampling stations were mainly driven by marked dissimilarities in the 
relative abundance of some of the dominant taxa (such as Dactyliosolen phuketensis), and by the presence of taxa 
that were associated, albeit to different degree, only with certain water masses (Fig. 4B). Phytoplankton com-
munities of surface waters were characterized by the presence of distinctive small colonial diatoms belonging 
to the nano-fraction (mainly the colonial diatoms Chaetoceros spp.). Most of these species were often associated 
with relatively large (up to 50 µm) colonial species (Pseudo-nitzschia sp.). Surface waters (WACC, especially st. 
46) contained, in addition, species such as Chaetoceros socialis or Euglenophyceans which are typically found in 
waters influenced by coastal inputs. Conversely, deep-water masses were characterized by the presence of the 
benthic diatom Diploneis crabro and by higher contributions of the benthic and the epipelic diatoms Plagiotropis 
lepidoptera and Cylindrotheca closterium (up to 3% and 7% of total abundance, respectively). Differences among 
deep-water masses were mainly determined by different percentage of the pelagic diatoms Chaetoceros affinis 
and Cerataulina pelagica (more abundant in MLIW and nADW) or by benthic species as A. minutissimus, more 
abundant in lNAdDW, hNAdDW and oADW (Fig. 4B). The densest water sample (st. 29) showed a distinct 
composition, characterized by the higher contribution of the benthic diatoms C. closterium and D. crabro (7 and 
1.1%, respectively) and, more significantly, by Skeletonema sp. contributing in this sample for up to 40% of the 
total abundance (Fig. 4B).

Lagrangian particles transport and dense water export.  A Lagrangian model was implemented 
with virtual drifters having the buoyancy characteristics of Skeletonema sp., a diatom typically blooming in the 
north Adriatic during winter, which was found to be particularly abundant in high dense waters samples dur-
ing the 2012 event. To investigate the patterns of distribution and transport of Skeletonema sp. during the 2012 
CAO event, 200.000 Lagrangian virtual drifters were released in the northern Adriatic on the 5th of February, 
coincident with a phytoplankton bloom occurred in this area. The drifters had buoyancy characteristics and 
dimensions similar to Skeletonema sp. (details in Materials and Methods) and hereafter will be referred to as 
Virtual Diatoms (VDs). The distribution of drifters concentrations computed for particles passing through 4 
reference-transects (Fig. 5A–D) showed that, from the source area in the northern Adriatic Sea, VDs mostly 
follow pathways common to those of DW (see e.g. ref.20). In order to follow VDs leaving the source area during 
or right after Skeletonema sp. bloom, only drifters crossing a transect located in front of Rimini (TR, Fig. 5A) in 
less than 15 days from their release were considered. The VDs passing TR followed a major route that crossed the 
basin eastward toward the Istrian peninsula and then back in front of Rimini. Pathways of VDs through Ancona 
and San Benedetto del Tronto transects (TA and TB, Fig. 5B,C, respectively) showed two interesting features: 
a westward offshore expansion just south of TA related to the presence of a local gyre (not shown), and a high 
concentration of tracks falling into the Jabuka Pit and partially getting out through the Palagruža Sill (Fig. 1A). 
The VDs that crossed the southernmost transect (TG, Fig. 5D) located over the Gargano promontory and station 
29, reached the southern Adriatic without falling into the Jabuka Pit and passed closer to the Italian coast. The 
simulation revealed that after passing TG, with highest pathways concentration pointing right over station 29, 
VDs either fell into the southern Adriatic Pit (along the Dauno Seamount, through the Bari Canyon system or off 
the Apulian shelf break) or exited the basin moving across the Apulian shelf.

The total flux (FT) of dense water (≥1029.3 kg m−3) computed every 6 hours across whole transect area, was 
clearly influenced in all transects by tidal modulation, shifting back and forth between positive (i.e. northward) 
and negative (southward) fluxes (Fig. 5E–H, blue line). An exception to this was TG where the modulation was 
still present but less clear. The flux of dense water specifically carrying VDs (Reduced Flux, FR) was less influ-
enced by tides and in all transects showed an almost constant negative flux, with just some small exceptions 
(Fig. 5E–H, red patch). Number of particles and DW volume were computed for time spanning between zero and 
the 95th percentile of the cumulated VDs passages for each transect (Table 1). In the three northernmost transects 
(TR, TA and TB) the FR volume was always significantly higher than the FT, while at TG this condition was 
inverted, and the volume of FT was over an order of magnitude higher than FR.

The phytoplankton bloom that developed in February 2012 during DW formation in the northern Adriatic 
presented high concentrations of Skeletonema sp. (up to 5 × 106 cells L−1, Bernardi Aubry unpubl. data). Blooms 
of this species are common features of the area during winter season27–30. Considering 5 × 106 cells L−1 as starting 
concentration, the simulated DW export of Skeletonema sp. computed between the passage of the first VD and the 
95th percentile (respectively on February 9th and 21st) through TR amounted to 4.6 × 1020 cells. Given that in the 
numerical simulations 28.53% of VDs crossing TR arrived at TG, we could estimate a total number of 1.3 × 1020 
VDs crossing TG. In particular the number of simulated VDs crossing station 29 (340), in an interval of ±2 days 
from the date this station was sampled, corresponded to 2.78% of the VDs leaving TR and to a total of 1.25 × 1019 
cells (average concentration, 2.8 × 105 cell L−1).

Discussion
It is generally accepted that physical processes, such as mesoscale circulation, can influence the plankton commu-
nity structure, by supply limiting nutrients to the euphotic zone in oligotrophic waters and stimulating planktonic 
responses such as productivity and changes in community structure31,32. Episodic events such as dense shelf water 
formation and cascading to the deep-sea have been recognized to significantly contribute to the ventilation of 
deep waters and to the overall ocean circulation1. Moreover, DSWC can fuel the deep water with large amounts 
of suspended particles, and organic matter, therefore potentially influencing the whole water column ecosys-
tem functioning5,33,34. Despite this, few studies have considered the effects of DW flow on plankton community 
structure.
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In this study NAdDW volumes formed as consequences of the 2012-CAO event were compared to resident 
waters in term of plankton biomass partitioning (pico to micro size) and phytoplankton species composition. 
Results showed that in all the water masses analysed (with the exception of the deepest oADW in which hetero-
trophy clearly prevailed), the plankton communities were dominated by autotrophic organisms (range between 
54% and 98% of the total biomass). Although the massive presence of autotrophs in deep layers have been pre-
viously documented, and linked to the passive downslope-transport of surface cells facilitated by NAdDW35, in 

Figure 5.  VDs pathways distributions (left panels) and fluxes (right panels) computed over particles passing 
across the four transects: Rimini (TR, panels A/E), Ancona (TA; panels B/F), San Benedetto del Tronto (TB, 
panels C/G) and Gargano (TG, panels D/H). Transects location are shown by black lines on the corresponding 
distribution map. Colour scale shows the percentage of passages computed over each subset. Red dot in 
the insert of panel D shows the location of station 29; blue lines show the total dense water (i.e. density 
≥1029.3 kg m−3); red patches are the flux of the VDs carrying dense waters; positive/negative values represent 
northward/southward water fluxes. Vertical black lines mark the passages of the first VDs and of the cumulative 
95% percentile of passages across each transect; Dashed line on panel H marks the sampling date for station 29 
(figure generated by using MATLAB 8.5 http://uk.mathworks.com/products/matlab).

Total VDs (% of 
released)

VDs in dense water 
(% of released)

TF dense water 
volume [km3]

RF dense water 
volume [km3]

TR 12236 (6.18%) 12222 (6.11%) 0.4 −89.9

TA 9881 (4.94%) 9734 (4.87%) −155.4 −536.7

TB 8437 (4.21%) 8203 (4.10%) −500.8 −639.4

TG 3930 (1.96%) 3487 (1.74%) −2283.6 −356.6

Table 1.  Number of VD particles and total dense water volume crossing each transect (computed for the 
intervals shown in Fig. 5: in the case of TR a window of 15 days after drifters release was used, while for the 
other transects the first and 95th percentile of the cumulative drifters’ passage was used). In parenthesis are 
reported the percentages over the total released VDs. Transects: Rimini (TR), Ancona (TA), San Benedetto del 
Tronto (TB) and Gargano (TG). Total and Reduced Flux (TF and RF).

http://uk.mathworks.com/products/matlab
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our study such characteristics was not exclusive of DWs but was general even for resident deep water masses. 
In February 2012 an intense winter convective episode, influencing the whole water column through vertical 
mixing processes, was registered in the South Adriatic Pit and in its surroundings10. Such hydrographic process, 
known to be responsible for the transport of nutrients from deep-sea reservoirs to the surface and of organic 
matter from the surface to deep waters, could explain the occurrence of high biomass of autotrophic organisms 
even in the aphotic layers, up to 400–600 m depth7. The ratio between planktonic heterotrophs and autotrophs 
(H/A) was higher in deep compared to surface/subsurface waters and was directly correlated with inorganic 
nutrients concentrations (Si-SiO4, R2 = 0.82; P-PO4, R2 = 0.62, N-NO3, R2 = 0.56, p < 0.001). While in the surface 
water masses, the presence of low nutrients can be the direct consequence of intense nutrients uptake by phy-
toplankton, in deep waters, the relatively higher nutrients concentrations coupled with higher H/A ratios could 
suggest the prevalence of remineralization processes mediated mainly by the heterotrophic picoplankton com-
munity. Interestingly, the comparison among deep water masses (after the exclusion of the oADW) highlighted 
that both NAdDW (lNAdDW and hNAdDW) and nADW were characterized by higher H/A ratios compared to 
the resident MLIW, mainly as results of the higher contribution of the smaller pico- and nano-heterotrophs. It 
is worth noticing that NAdDW and nADW reflect respectively conditions of pre-cascading and post-cascading 
or transition to post-cascading, being nADW here defined as younger water mass generated by recent cascading 
of NAdDW and turbulently mixed with MLIW along the descent. In agreement with those findings, Luna and 
colleagues12 detected high microbial abundances and enhanced secondary productivity in NAdDW compared 
to other resident water masses and ascribed these results to the availability of organic and inorganic nutrients. 
Mechanisms of enhanced marine organic carbon export from the continental shelf during cascading events have 
been extensively documented in the Adriatic and in the Gulf of Lions3,34,36,37. During 2012 the NAdDW reaching 
the Southern Adriatic were clearly characterized by higher concentrations of suspended matter and turbidity, 
higher organic and inorganic nutrients and oxygen concentrations compared to other deep resident waters12 
(Supplementary Table S2). Moreover, data collected from sediment traps deployed in the cascading area during 
the 2012 event showed that organic particles in transit in the water column during DW flux-peaks, were mainly 
composed (~60%) by marine phytodetritus23. These data coupled with high chlorophyll a concentrations23 sug-
gest that a non negligible amount of fresh and more bioavailable organic material was made available to plank-
tonic consumers. We hypothesize here that the transport of fresh organic materials together with the increase in 
prokaryote biomass in DW veins12 could be responsible for triggering grazing activities. As support of this, we 
found a detectable increased contribution of nano- and micro-sized bacterivores/grazers (mainly heterotrophic 
flagellates and microzooplankton, Fig. 3B) to the total plankton biomass in both dense and nADW. Moreover, an 
increasing contribution of herbivores (mainly aloricated ciliates, titinnids, nauplii of copepods) was observed in 
the hNAdDW.

Regarding the phytoplankton communities, we found that NAdDW were characterized by a mix of benthic, 
epilitic and planktonic species. We hypothesize that this condition could reflect the combination of several passive 
physical processes: i) the mediated DW transport of surface species from the northern to the southern Adriatic 
Sea, as shown by numerical results; ii) the resuspension of bottom species due to bottom frictions during DW 
descent on the slope; iii) the mixing of dense and resident water masses along the path and during cascading (e.g. 
MLIW, nADW). The presence of benthic diatoms (e.g. Plagiotropis lepidoptera and Diploneis crabro), common in 
most deep water samples but more abundant in DW or exclusive of DW (such as the rare species, Diploneis bom-
bus, <1%, not shown) could be taken as an indicator of turbulent mixing or DW energetic flow along the shelf and 
its friction with the bottom of the shelf break. Moreover, the presence of common species in dense and surface 
water masses (e.g., the diatom Dactyliosolen phuketensis occurring in OUL and WACC) could reflect the mixing 
of DW with adjacent surface water masses along their path. Besides this, the most evident consequence of the DW 
flow on the phytoplankton species composition was the finding of an unusual high contribution of the diatom 
Skeletonema sp. (up to 40% of total phytoplankton abundance) at station 29, where the coldest and densest water 
mass of the whole study was intercepted. This species is well known to bloom regularly in nutrient-rich, surface 
waters of the northern Adriatic Sea during February-March27–30,38,39, in coincidence with the late winter-spring 
start of its growing phase. The high contribution of Skeletonema sp. in the deep waters of the south Adriatic 
Sea, well below the euphotic layer, might thus be related to the export operated by the DW from the northern 
Adriatic source area. This hypothesis is highly consistent with the occurrence, during February 2012, of a bloom 
of Skeletonema sp. in the northern Adriatic and in the Venice Lagoon (Bernardi-Aubry pers. comm.), and the 
observation of a widespread bloom of chlorophyll a in the surface waters (satellite image data and biogeochem-
ical modelling results, Supplementary Fig. S3). While before the 2012-CAO event a large fraction of the chloro-
phyll a was confined in the coastal waters, the onset of severe northeasterlies (typically setting up a double-gyre 
circulation in the area)40–42 was most likely able to spread the chlorophyll a, and arguably Skeletonema sp., all 
over the northern Adriatic Sea, probably covering most of the DW formation area. Skeletonema cells found in 
hNADW appeared morphologically intact, leading to hypothesize their origin from sinking of a local surface 
bloom. However, this option can be excluded since: i) we could not find any evidence of a local phytoplankton 
bloom in the area and in the days right before the sampling; ii) a high diatoms abundance was detected exclusively 
at station 29, where the densest waters were intercepted, whereas a low abundance or even no trace of the pres-
ence of Skeletonema was found in shallow or other deep-sea water masses (this conclusion is further supported 
by the finding, only at this station, of 16S rDNA sequences associated to diatoms plastids)12; iii) the density gra-
dient at interface between the dense water vein and the ambient water reduces the mixing between the two water 
masses, and hence high concentrations of diatoms could have not reached the core of the vein that was sampled 
at station 29. Results of the hydrodynamic model and the Lagrangian simulation performed using VDs showed 
that, right after DW formation, large amounts of Skeletonema sp. cells left the north Adriatic Sea and were trans-
ported along the DW vein for about 460 km to the southern Adriatic, passing in front of the Gargano peninsula 
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with high concentration near station 29 (Fig. 5). The model correctly places few VDs outside the dense water vein 
(Supplementary Fig. S5) in accordance with low values of diatoms found in non-DW stations.

The analysis of phytoplankton collected by sediment traps right downstream one of the main cascading 
hot-spot in the southern Adriatic revealed Skeletonema trapped at 700 m depth (Bernardi Aubry unpubl. data) 
together with a high amount of non living particles and a high contribution of organic carbon of marine origin23, 
clearly linking DW particle transport with the export of Skeletonema to the southern Adriatic Sea. Using a numer-
ical Lagrangian model we estimated that within the two weeks following the bloom, about 28% of the cells leaving 
the northern Adriatic were exported to south by NAdDW. This percentage is lower than the one calculated only 
for water (up to 50% of the whole northern basin water mass was renewed during the whole CAO event)22, and 
this can be explained by the fact that only the densest waters are actually transporting particles that will reach the 
southern Adriatic Sea. This feature has also a direct effect on the amount of exported particles and on their trave-
ling speed. In fact, particles carried by the denser waters travel with the fastest part of the vein (up to 1 m s−1) and 
hence are less affected by tidal modulation. This results in a more constant delivery of particles, which rarely can 
reverse their direction flux (instead common for the DW vein). Modelling showed that about 1.74% of VDs, cor-
responding to 2.8 × 105cell L−1, could potentially reach the TG. Instead, samples collected at station 29 showed a 
concentration of 2.7 × 104 cells L−1. The one order-magnitude overestimation produced by the Lagrangian model 
can be explained by the fact that VDs are conservative compared to natural cells, i.e. not subjected to grazing, deg-
radation or other diluting ecological processes. Nevertheless, our simulation is still significant because it proves 
that during the 2012 event the NAdDW acted as a direct mean of transportation of diatoms from the northern to 
the southern Adriatic. In our numerical experiments Skeletonema sp. was used as model particle as this diatom 
was effectively observed at station 29, but on a broader point of view other particles with similar dimensional/
buoyancy characteristics, e.g. microplastics43 or even dissolved substances (i.e. nutrients, heavy metals, pollut-
ants) can be potentially transported by DWs.

Our results highlight how the NAdDW plays a fundamental role in connecting the northern and southern 
Adriatic subregions, in terms of not only water or dissolved oxygen, but also as far as dissolved substances and 
small particles are concerned. This is significant also in the perspective of ongoing climate dynamics; indeed, DW 
formation events are strongly connected to forcing (i.e. CAO-like events) and preconditioning conditions (i.e. 
temperature and salinity characteristics of the basin prior to the formation period), and both these aspects are 
greatly influenced by climate changes. In this regards, not only it is generally accepted that the Adriatic Sea will 
present saltier and warmer waters, as a consequence of higher atmospheric temperatures and decreases in river-
ine discharges2,44, but it is also expected that the number of CAO events will decrease45 and change in intensity. 
This will result in variation of the NAdDW not only in frequency and in magnitude of production, but also in its 
composition (i.e. its temperature and salinity) and on its ability to carry dissolved and small particulate matter.

Here by providing a snapshot of plankton communities composition in DW masses collected along their 
descent, at different levels of mixing with resident waters and within these latter, we demonstrated that DW flow 
can affect plankton species composition and biomass partitioning. We hypothesized that this can be exerted 
either through DW transport of allochthonous organic material, nutrients and oxygen, responsible for triggering 
heterotrophic processes in deep water layers, or through the export, even for long distance, of planktonic cells. 
Composition and size-distribution of plankton assemblages are major biological factors affecting the functioning 
of pelagic food-webs and consequently the rate of carbon export from the upper ocean to deep layers46,47. Results 
from this study highlight the potential of dense shelf water flow to influence the distribution and composition of 
the winter deep plankton communities. We furthermore underline the usefulness of combining plankton analysis 
and numerical modelling to trace oceanographic and ecological processes interaction.

Materials and Methods
Study area and sampling activities.  Right after the onset of the CAO (23 March − 2 April 2012), a rapid 
response field campaign was carried out on board the R/V Minerva Uno. Thanks to the implementation of a 
pre-cruise numerical modelling ensemble, an adaptive planning was used to define sampling stations and DW 
masses were successfully intercepted in the southern Adriatic over 460 km from the area of origin (Fig. 1A; see 
ref.26 for more details). To characterize all water masses, samples were collected from 13 stations (in 9 stations at 
both surface and bottom depths and in 4 stations at surface or bottom, Fig. 1). Additional samples (6 stations) 
were collected at the subsurface layer corresponding to the deep chlorophyll maximum (DCM). Overall, 28 water 
samples were collected for the entire study (Supplementary Table S1). At each station and water depth, temper-
ature, salinity, dissolved oxygen and turbidity were measured and seawater samples were collected with a CTD-
rosette system consisting of a CTD SBE 911, coupled with a with SBE-43 sensor (resolution 4.3 μM) for dissolved 
oxygen measures, a Seapoint Turbidity Meter, and a General Oceanics rosette with 12 Niskin Bottles (having the 
capacity of 12 L each). Seawater samples for chlorophyll a, dissolved inorganic nutrients and total suspended mat-
ter (TSM) were immediately filtered through Whatman GF/F fibreglass filters (nominal porosity = 0.7 µm) and 
stored frozen. Samples for pico- and nanoplankton (0.2–2 and 2–20 µm cell size, respectively) counts were fixed 
with pre-filtered (0.2 µm) buffered formalin and glutaraldehyde, respectively, at 2% final concentration for both 
fixatives, and kept in the dark at 4 °C until processing. For microphytoplankton (>20 µm), seawater samples were 
fixed in acid Lugol’s iodine (1%) until further analyses. Seawater samples for microzooplankton (>20 µm) counts 
were preserved with neutralized formaldehyde (2.5% final concentration).

Chlorophyll a, nutrients and TSM concentrations.  Samples for chlorophyll a were analysed according 
to Holm-Hansen et al.48. Dissolved inorganic nitrogen (DIN: sum of ammonia, nitrite and nitrate), orthophos-
phates and orthosilicates were analysed with a Flow- Solution III autoanalyser (OI-Analytical), according to 
Strickland and Parsons49 and Hansen and Koroleff50. TSM was analysed according to Strickland and Parsons49.
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Abundance and biomass of auto- and heterotrophic picoplankton.  Seawater sub-samples (4–30 ml)  
were filtered onto 0.2 µm pore size black polycarbonate filters. Total picoplankton counts followed the procedure 
by Noble and Fuhrman51. Filters were stained with SYBR Green (1:20 stock solution) in the dark for 15 min, 
rinsed and mounted on microscope glasses with a drop of 50% phosphate buffer (pH 7.8), glycerol and ascorbic 
acid (0,5%). Epifluorescent microscopy (EFM, 1000×) counts were performed by observing at least 20 micro-
scopic fields and a minimum of 400 cells. For autotrophic picoplankton counts a set of unstained filters were 
directly observed using the EFM method. Heterotrophic picoplankton cells numbers were obtained by differences 
between total and autotrophic picoplankton counts. Three replicates were analysed for each sample. Auto- and 
heterotrophic picoplankton abundances were then converted into biomass using 250 fg C cell−1 and 20 fg C cell−1, 
respectively52,53.

Abundance and biomass of auto- and heterotrophic nanoplankton.  For auto- and hetrotrophic 
nanoplankton counts, water samples (50 mL) were filtered onto 0.8 µm pore size Nucleopore black membranes, 
stained with fluorescein isothiocyanate (FITC)54 and accurately rinsed before being mounted on microscope 
slides for EFM analyses. Counts were performed, at 1000× by observing longitudinal and latitudinal transects of 
filters, for a minimum of 200 cells. For autotrophic nanoplankton counts a set of unstained filters were directly 
observed using the EFM method, assuming that those displaying autofluorescence were autotrophic or mix-
otrophic cells. Heterotrophic nanoplankton cells numbers were obtained by differences between total and auto-
trophic nanoplankton counts. Three replicates were analysed for each sample. Whenever possible cells shape, 
presence of cilia and flagella and position of sulcus and cyngulum allowed the separation into the following tax-
onomic groups: flagellates, ciliates, coccolithophorids, naked or armoured dinoflagellates, Prasinophyceans, 
Cryptophyceans-, Gymnodinium-, Gyrodinium-, small Navicula-, Nitzschia-, Skeletonema-, and Chaetoceros-like 
cells. The maximal length and width of all nanoplanktonic cells were measured with a micrometric eyepiece or 
using an image analysis and the individual biovolume was estimated by approximating cell shape to geometric 
models55. Biovolumes were converted into biomass values using 220 fg C μm−3 as conversion factor for flagel-
lates56, and for the others by the equations reported in Menden-Deuer and Lessard57.

Abundance, biomass and species composition of phytoplankton.  Phytoplankton was recognized 
and counted with an invertoscope (Axiovert 35, Zeiss) equipped with phase contrast58,59. A representative num-
ber of transects crossing the whole surface of the sedimentation chamber were screened at 400× and up to the 
whole chamber area was observed at 200×; one replicate was considered for each sample. Species composition 
was defined in accordance with Tomas60, Bérard-Therriault et al.61 and reference therein. Cell size was used for 
division between the nano (<20 µm) and the micro fractions (>20 µm). Division between microautotrophs and 
microheterotrophs was made based on known functional characteristics of taxa. Autotrophic dinoflagellates were 
counted after excluding typical heterotrophic taxa like Protoperidinium, Gyrodinium, Diplopsalis group, Lessardia 
elongata etc. Cells biovolumes were measured by approximating species shapes to geometrical models, and cell 
carbon content was calculated from mean cell-biovolume according to Stratmann62. Biomass estimates were com-
puted using literature based C conversion factors. This likely leads to an over-estimation since during the 3 to 4 
weeks DW transport diatoms would be presumably in degrading condition, and hence their C content should be 
decreasing. At the same time a reduced conversion factor cannot be proposed because the diatoms’ C content and 
stage of degradation cannot be properly assessed.

Abundance, biomass and structure of microzooplankton.  Seawater samples (5 L) were settled for 
72 h, and concentrated to 200 mL63. The organisms were counted according to Uthermőhl58, by observing the 
entire area of the sedimentation chamber with an inverted microscope (Axiovert 35, Zeiss) at 100× and 400×. 
One replicate was processed for each sample. Organisms were measured and grouped according to size and 
standardized geometrical forms. The biovolume of non-loricate ciliates was calculated according to Edler64; the 
biovolume of nauplii and copepods were calculated according to Ruttner-Kolisko65 and Shmeleva66, while for tin-
tinnids biovolume was estimated by measuring the linear dimensions of their lorica. The biovolume of nauplii and 
copepods were calculated according to Ruttner-Kolisko65 and Shmeleva66 respectively. The following conversion 
factors were used to transform the biovolume into carbon biomass: for non-loricate ciliates 0.14 pg C μm−3 67, for 
tintinnids 444.5 pg C μm−3 (lorica volume in μm−3 × 0.053 pg C) according to Verity and Langdon68, for copepod 
nauplii and post-naupliar copepods 0.08 pg C μm−3 69,70.

Statistical analyses.  Differences among water masses in term of biomass of different heterotrophic and 
autotrophic plankton cells size classes and abundance of phytoplankton species were tested by the analysis of 
similarities (ANOSIM)71. Before the analysis, all plankton biomass data were double square transformed. Since 
in both cases ANOSIM revealed significant differences among water masses, matrices were then used to produce 
Non-metric MultiDimensional Scaling (NMDS) plots. The coefficients of dissimilarity and phytoplankton spe-
cies responsible for the clustering were determined by means of SIMPER analyses. ANOSIM, NMDS plot and 
SIMPER analyses were carried out with PRIMER v5.2.2 (Plymouth Marine Laboratory, UK). Linear correlation 
analyses were performed using Statistica by Statsoft (Kernel release 5.5).

Hydrodynamic and Lagrangian modelling.  The simulations of the 2012 CAO event were performed 
by coupling the Regional Ocean Modelling System (ROMS72, www.myroms.org) for hydrodynamics and the 
Simulating Waves Nearshore model (SWAN)73 for waves, through a Coupled–Ocean–Atmosphere–Wave–
Sediment–Transport system (COAWST)74. The modelling domain covers the whole Adriatic Sea with an open 
boundary at the Otranto Strait, a 1 km horizontal grid and 30 stretched sigma vertical levels (maximum resolu-
tion near surface and bottom). The simulation was initialized on November 1st 2011 and lasted until June 28th 
2012 to cover the CAO event and its preconditioning phase. Models were forced at surface with atmospherical 

http://www.myroms.org
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fields derived from a COSMO implementation run by the Emilia Romagna Environmental Protection Agency 
(COSMO-I7)75. COSMO-I7 is a non-hydrostatic, 3-D numerical weather prediction model with a 7.0 × 7.0 km2 
horizontal resolution and 35 vertical terrain-following levels. A detailed description of set up and validation can 
be found in Benettazzo et al.22 and Carniel et al.76.

The Lagrangian dispersion of Skeletonema sp. was studied with an individual based Lagrangian tracking 
model (ICHTHYOP)77 in which virtual diatoms (VDs) had shape, dimension and buoyancy similar to a single 
cell of Skeletonema sp. (prolapsed ellipsoids having average major and minor axis of 6.2 and 4 µm respectively, and 
density of 1070 kg m−3)78. A total of 200,000 VDs were released in the northern Adriatic on February 5th during 
a large Skeletonema bloom, as shown by satellite images (Supplementary Fig. S3) and modelling results (data not 
shown), and in the middle of CAO, hence giving the opportunity to follow a maximum dispersion event. Particles 
were released over the whole dense water generation site, located roughly north of Rimini (Fig. 1), at depths shal-
lower than the 30 m isobaths and left to drift according to buoyancy and current fields derived from the COAWST 
simulations. The numerical simulation lasted for 100 days.

To identify the pathways followed by the VDs the modelling outputs were decomposed on a 3D reference grid 
(2 km × 2 km horizontal cells, and 61 vertical layers each 20 m thick) and merged to obtain a distribution of the 
probability of passage. Analyses were carried out on 4 transects: Rimini (TR), Ancona (TA) and San Benedetto del 
Tronto (TB, according to Benetazzo et al.)22 and Gargano (TG) positioned directly over station 29 in front of the 
Gargano peninsula (in Benetazzo et al.22 this transect was located ca. 30 km north of station 29). The total number 
of particles crossing each transect per day was computed and their distribution used to identify the dense water 
mass that directly carried the VDs. The limits of the VDs distribution area were defined with a Delaunay trian-
gulation. Fluxes for water masses denser than 1029.3 kg m−3 were then computed daily (every 6 hours) for both 
the whole transect area (Total flux, TF) and for the area specifically identified by the presence of VDs (Reduced 
Flux, RF). A detailed description of the Lagrangian model simulation and analysis is available in supplementary 
material S4.

Data availability.  The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.

References
	 1.	 Ivanov, V. V., Shapiro, G. I., Huthnance, J. M., Aleynik, D. L. & Golovin, P. N. Cascades of dense water around the world ocean. Prog. 

Oceanogr. 60, 47–98 (2004).
	 2.	 Mihanović, H. et al. Exceptional dense water formation on the Adriatic shelf in the winter of 2012. Ocean. Sci. 9, 561–572 (2013).
	 3.	 Canals, M. et al. Flushing submarine canyons. Nature 444, 354–357 (2006).
	 4.	 Shapiro, G. I., Huthnance, J. M. & Ivanov, V. V. Dense water cascading off the continental shelf. J. Geophys. Res. 108(C12), 3390, 

https://doi.org/10.1029/2002JC001610 (2003).
	 5.	 Pusceddu, A. et al. Organic matter in sediments of canyons and open slopes in the Eastern Atlantic and Mediterranean continental 

margins. Deep-Sea Res. Part I Oceanogr. Res. Pap. 57, 441–457 (2010).
	 6.	 Batistić, M., Mikŭs, J. & Njire, J. Chaetognaths in the South Adriatic: feeding and vertical distribution. J. Mar. Biol. Assoc. UK 83, 

1301–1306 (2003).
	 7.	 Batistić, M. et al. Biological evidence of a winter convection event in the South Adriatic: A phytoplankton maximum in the aphotic 

zone. Cont. Shelf Res. 44, 57–71 (2012).
	 8.	 Cerino, F. et al. Spatial and temporal variability of pico-, nano- and microphytoplankton in the offshore southern Adriatic Sea 

(Mediterranean Sea). Cont. Shelf Res. 44, 94–105 (2011).
	 9.	 Lučić, D., Benović, A., Morović, M., Batistić, M. & Onofri, I. Diel vertical migration of medusa in the open Southern Adriatic Sea 

over a short time period (July 2003). Mar. Ecol. Evol. Persp. 30(1), 16–32 (2009).
	10.	 Najdek, M. et al. Picoplankton community structure before, during and after convection event in the offshore waters of the southern 

Adriatic Sea. Biogeosciences 11, 2645–2659 (2014).
	11.	 Yoder, J. A. & Ishimaru, T. Phytoplankton advection off the southeastern United States continental shelf. Cont. Shelf Res. 9(6), 

547–553 (1989).
	12.	 Luna, G. M. et al. Dense water plumes modulate richness and productivity of deep sea microbes. Environ Microbiol 18, 4537–4548 

(2016).
	13.	 Estrada, M. & Vaqué, D. Microbial Components in The Mediterranean Sea: Its history and present challenges (eds S. Goffredo S. & 

Z. Dubinsky), https://doi.org/10.1007/978-94-007-6704-1_6, (Springer Science Business Media Dordrecht) (2014).
	14.	 Azam, F. Microbial control of oceanic carbon flux: the plot thickens. Science 280, 694–696 (1998).
	15.	 Hays, G. C., Richardson, A. J. & Robinson, C. Climate change and marine plankton. Trends Ecol. Evol. 20(6), 337–344 (2005).
	16.	 Schroeder, K., Chiggiato, J., Bryden, H. L., Borghini, M. & Ben Ismail, S. S. Abrupt climate shift in the Western Mediterranean Sea. 

Sci. Rep. 7, 4065, https://doi.org/10.1038/s41598-017-04455-5 (2016).
	17.	 Canals, M. et al. Cascades in Mediterranean submarine grand canyons. Oceanography 22(1), 26–43 (2009).
	18.	 Hendershott, M. C. & Rizzoli, P. The winter circulation in the Adriatic Sea. Deep-Sea Res. 23, 353–373 (1976).
	19.	 Artegiani, R., Azzolini, R. & Salusti, E. On the dense water in the Adriatic Sea. Oceanol. Acta 12, 151–160 (1989).
	20.	 Vilibić, I. & Supić, N. Dense water generation on a shelf: the case of the Adriatic Sea. Ocean Dyn. 55, 403–415 (2005).
	21.	 Vilibić, I. & Orlić, M. Adriatic water masses, their rates of formation and transport through the Otranto Strait. Deep-Sea Res. Part I. 

Oceanogr. Res. Pap. 49, 1321–1340 (2002).
	22.	 Benetazzo, A. et al. Response of the Adriatic Sea to an intense cold air outbreak: dense water dynamics and wave-induced transport. 

Progr. Oceanogr. 128, 115–138 (2014).
	23.	 Langone, L. et al. Dynamics of particles along the western margin of the Southern Adriatic: Processes involved in transferring 

particulate matter to the deep basin. Mar. Geol. 375, 28–43 (2016).
	24.	 Durrieu de Madron, X. et al. Interaction of dense shelf water cascading and open sea convection in the northwestern Mediterranean 

during winter 2012. Geophys. Res. Lett. 40, 1379–1385 (2013).
	25.	 Raicich, F. et al. Extreme air-sea interactions in the Gulf of Trieste (North Adriatic) during the strong Bora event in winter 2012. J. 

Geophys. Res. Oceans 118, 5238–5250 (2013).
	26.	 Chiggiato, J. et al. Dense-water bottom currents in the Southern Adriatic Sea in spring 2012. Mar. Geol. 375, 134–145 (2016).
	27.	 Bastianini, M. et al. Environmental factor triggering the late-winter diatom bloom in the North Adriatic Sea. Commission 

Internationale pour l’esploration scientifique de la Mer Mediterranèe (CIESM) 37, 487 (2004).

http://dx.doi.org/10.1029/2002JC001610
http://dx.doi.org/10.1007/978-94-007-6704-1_6
http://dx.doi.org/10.1038/s41598-017-04455-5


www.nature.com/scientificreports/

1 2Scientific REPOrtS |  (2018) 8:4554  | DOI:10.1038/s41598-018-22569-2

	28.	 Bernardi Aubry, F., Berton, A., Bastianini, M., Socal, G. & Acri, F. Phytoplankton succession in a coastal area of the NW Adriatic 
over 10 years of samplings (1990–1999). Cont. Shelf Res. 24, 97–115 (2004).

	29.	 Bernardi Aubry, F. et al. Seasonal and interannual variations of phytoplankton in the Gulf of Venice (Northern Adriatic Sea). Chem. 
Ecol. 22, S71–S91 (2006).

	30.	 Bernardi Aubry, F. et al. Plankton communities in the northern Adriatic Sea: patterns and changes over the last 30 years. Estuar. 
Coast. Shelf Sci. 115, 125–137 (2012).

	31.	 Benitez-Nelson, C. R. & McGillicuddy, D. J. Mesoscale physical-biological-biogeochemical linkages in the open ocean: An 
introduction to the results of the E-Flux and EDDIES programs-Preface. Deep- Sea Res. Part II Top. Stud. Oceanogr. 55, 1133–1138 
(2008).

	32.	 Bibby, T. S. & Moore, C. M. Silicate: nitrate ratios of upwelled waters control the phytoplankton community sustained by mesoscale 
eddies in sub-tropical North Atlantic and Pacific. Biogeosciences 8, 657–666 (2011).

	33.	 Heussner, S. et al. Spatial and temporal variability of downward particle fluxes on a continental slope: Lessons from an 8-yr 
experiment in the Gulf of Lions (NW Mediterranean). Mar. Geol. 234, 63–92 (2006).

	34.	 Sanchez-Vidal, A. et al. Across margin export of organic matter by cascading events traced by stable isotopes, northwestern 
Mediterranean Sea. Limnol. Oceanogr. 54(5), 1488–1500 (2009).

	35.	 Vilibić, I. & Šantić, D. Deep water ventilation traced by Synechococcus cyanobacteria. Ocean Dyn 58, 119–125 (2008).
	36.	 Tesi, T. et al. A. Source and composition of organic matter in the Bari canyon (Italy): dense water cascading versus particulate export 

from the upper ocean. Deep-Sea Res. Part I Oceanogr. Res. Pap. 55(7), 813–831 (2008).
	37.	 Turchetto, M. et al. Particle transport in the Bari canyon (southern Adriatic Sea). Mar. Geol. 246, 231–247 (2007).
	38.	 Totti, C. et al. Seasonal variability of phytoplankton populations in the middle Adriatic sub-basin. J. Plankton Res. 22, 1735–1756 

(2000).
	39.	 Totti, C. et al. Phytoplankton size-distribution and community structure in relation to mucilage occurrence in the northern Adriatic 

Sea. Sci. Total Environ. 353, 204–217 (2005).
	40.	 Kuzmic, M., Janekovic, I., Book, J. W., Martin, P. J. & Doyle, J. D. Modeling the northern Adriatic double-gyre response to intense 

Bora wind: A revisit. J. Geophys. Res. 111, C03S13, https://doi.org/10.1029/2005JC003377 (2007).
	41.	 Signell, R. P. et al. High-resolution mapping of Bora winds in the Northern Adriatic Sea using synthetic aperture Radar. J. Geophys. 

Res. Oceans 115, C04020, https://doi.org/10.1029/2009JC005524 (2010).
	42.	 Boldrin, A. et al. Effects of bora wind on physical and biogeochemical properties of stratified waters in the northern Adriatic. J. 

Geophys. Res. 114, C08S92, https://doi.org/10.1029/2008JC004837 (2009).
	43.	 Woodall, L. C. et al. The deep sea is a major sink for microplastic debris. Royal Society Open Science 1(4), 140317, https://doi.

org/10.1098/rsos140317 (2014).
	44.	 IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of 

the Intergovernmental Panel on Climate Change (eds Stocker, T. F. et al.) 1535 pp. (Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, 2013).

	45.	 Vavrus, S., Walsh, J. E., Chapman, W. L. & Portis, D. The behavior of extreme cold air outbreaks under greenhouse warming. Int. J. 
Climatol. 26, 1133–1147 (2006).

	46.	 Malone, T. C. Phytoplankton photosynthesis and carbon-specific growth light saturated rates in a nutrient-rich environment. 
Limnol. Oceanogr. 27, 226–235 (1982).

	47.	 Legendre, L. & Le Fèvre, J. From individual plankton cells to pelagic marine ecosystems and to global biogeochemical cycles in 
Particle analysis in oceanography (ed. Demers, S.) 261–300 (Springer-Verlag, Heidelberg, 1991).

	48.	 Holm-Hansen, O., Lorenzen, C. J., Holmes, R. W. & Strickland, J. D. H. Fluorometric determination of chlorophyll. J. Conseil Perm. 
Int. Explor. Mer. 30, 3–15 (1965).

	49.	 Strickland, J. D. H. & Parsons, T. R. A. practical handbook of seawater analysis. Bull. Fish. Res. Board Can. 167, 1–310 (1972).
	50.	 Hansen, H. P. & Koroleff, F. Determination of nutrients in Methods of Seawater Analysis (eds Grasshoff, K., Cremling, K. & Erhardt, 

M.) 159–228 (Wiley-VCH Verlag, 1999).
	51.	 Noble, R. T. & Fuhrman, J. A. Use of SYBR Green I for rapid epifluorescence counts of marine viruses and bacteria. Aquat. Microb. 

Ecol. 14, 113–118 (1998).
	52.	 Lee, S. & Fuhrman, J. A. Relationship between biovolume and biomass of naturally delivered marine bacterioplankton. Appl. 

Environ. Microb. 53, 1298–1303 (1987).
	53.	 Tamigneaux, E., Vasquez, M., Mingelbier, B., Klei & Legendre, L. Environmental control of phytoplankton assemblages in nearshore 

waters, with special emphasis on phototrophic ultraplankton. J. Plankton Res. 17, 1421–1447 (1995).
	54.	 Sherr E. B., Caron, D. A., Sherr, B. F. Staining of heterotrophic protists for visualization via epifluorescence microscopy in Handbook 

of methods in aquatic microbial ecology (eds Kemp, P., Sherr, B., Sherr, E. & Cole, J. J.) 213–226 (Lewis Publishers, Boca Raton, 
Florida, 1993).

	55.	 Sun, J. & Liu, D. Geometric models for calculating cell biovolume and surface area for phytoplankton. J. Plankton Res. 25(11), 
1331–1346 (2003).

	56.	 Borsheim, K. Y. & Bratbak, G. Cell volume to cell carbon conversion factors for a bacterivorous Monas sp. enriched from sea water. 
Mar. Ecol. Prog. Ser. 36, 171–175 (1987).

	57.	 Menden-Deuer, S. & Lessard, E. J. Carbon to volume relationships for dinoflagellates, diatoms, and other protist plankton. Limnol. 
Oceanogr. 45(3), 569–579 (2000).

	58.	 Uthermöhl, H. Zur Vervollkomnung der quantitativen Phytoplankton-Methodik. Mitt. Int. Ver. Limnol. 9, 1–38 (1958).
	59.	 Zingone, A. et al. Fitoplancton: metodiche di analisi quali-quantitativa in Metodologie di studio del plancton marino. Manuali e Linee 

Guida 56/2010 ISPRA (eds Socal, G., et al.) 213–237 (SIBM Roma, 2010).
	60.	 Tomas, C. R. & Hasle, G. R. Identifying marine phytoplankton (Academic Press, New York) 858 pp (1997).
	61.	 Bérard-Therriault, L., Poulin, M. & Bossé, L. Guide d’identification du phytoplancton marin de l’estuaire et du Golfe du Saint-

Laurent incluant également certains protozoaires. Publication Spéciale Canadienne des Sciences Halieutiques et Aquatiques 128, 
1–387 (1999).

	62.	 Strathman, R. R. Estimating the organic carbon content phytoplankton from cell volume or plasma volume. Limnol. Oceanogr. 12, 
411–418 (1967).

	63.	 Kršinić, F. Comparison of methods used in micro-zooplankton research in neritic waters of the eastern Adriatic. Nova Thalassia 4, 
91–106 (1980).

	64.	 Edler, L. (ed.). Recommendations for marine biological studies in the Baltic Sea. Phytoplankton and chlorophyll. BMB Publ. 5, 1–38 
(1979).

	65.	 Ruttner-Kolisko, A. Plankton rotifers: biology and taxonomy in Die Binnengewässer, (eds Elster, H. J., Ohle, W.), 26(1), 1–146 (E. 
Schweizerbart’sche Verlagsbuchhandlung, Stuttgart, 1974).

	66.	 Shmeleva, A. A. New species of the planktonic copepods from the Adriatic Sea. Bull. Inst. Oceanogr. 65, 1–15 (1965).
	67.	 Putt, M. & Stoecker, D. K. An experimentally determined -volume ratio for marine oligotrichous ciliates carbon from estuarine and 

coastal waters. Limnol. Oceanogr. 34, 1097–1103 (1989).
	68.	 Verity, P. G. & Lagdon, C. Relationships between lorica volume, carbon, nitrogen, and ATP content of tintinnids in Narragansett Bay. 

J. Plankton Res. 6(5), 859–868 (1984).

http://dx.doi.org/10.1029/2005JC003377
http://dx.doi.org/10.1029/2009JC005524
http://dx.doi.org/10.1029/2008JC004837
http://dx.doi.org/10.1098/rsos140317
http://dx.doi.org/10.1098/rsos140317


www.nature.com/scientificreports/

13Scientific REPOrtS |  (2018) 8:4554  | DOI:10.1038/s41598-018-22569-2

	69.	 Beers, J. R. & Stewart, G. L. Numerical abundance and estimated biomass of microzooplankton. Bull. Scripps Inst. Oceanogr. 17, 
67–87 (1970).

	70.	 Monti, M., Minocci, M., Milani, L. & Fonda Umani, S. Seasonal and interannual dynamics of microzooplankton abundances in the 
Gulf of Trieste (Northern Adriatic Sea, Italy). Estuar. Coast. Shelf Sci. 115, 149–157 (2012).

	71.	 Clarke, K. R., Warwick, R. M. Change in marine communities: An approach to Statistical Analysis and Interpretation (Plymouth 
Marine Laboratory, Bourne Press Limited, Bournemouth, UK) 144 pp (1994).

	72.	 Haidvogel, D. B. et al. Ocean forecasting in terrain-following coordinates: formulation and skill assessment of the Regional Ocean 
Modeling System. J. Comput. Phys. 227, 3595–3624 (2008).

	73.	 Booij, N., Ris, C. & Holthuijsen, L. H. A third-generation wave model for coastal regions: 1. Model description and validation. J. 
Geophys. Res.Oceans 15, 7649–7666 (1999).

	74.	 Warner, J. C., Sherwood, C. R., Signell, R. P., Harris, C. K. & Arango, H. G. Development of a three-dimensional, regional, coupled 
wave, current, and sediment-transport model. Comput. Geosci. 34, 1284–1306 (2008).

	75.	 Russo, A. et al. Operational models hierarchy for short term marine predictions: the Adriatic Sea example in OCEANS13 MTS/
IEEE. Bergen (Norway), 1–6 (2013).

	76.	 Carniel, S. et al. Scratching beneath the surface when coupling atmosphere, ocean and waves: analysis of a dense-water formation 
event. Ocean Model. 101, 101–112 (2016).

	77.	 Lett, C. et al. A lagrangian tool for modelling ichthyoplankton dynamics. Environ. Model Softw. 23, 1210–1214 (2008).
	78.	 Erga, S. R. et al. Migratory behaviour of Skeletonema grethae (Bacillariophyceae) in stratified waters. Diatom Res. 30(1), 13–25 

(2015).

Acknowledgements
The ODW-2012 sampling cruise was funded by the National Flag Programme RITMARE of the Italian Ministry 
of University and Research, and partially by the project COCONET (GA# 287844) of the European Commission. 
JC, LB, GML and EC also acknowledge partial support from the project OCEAN-CERTAIN (GA# 603773) of 
the European Commission. SC acknowledge funding from the European Union’s H2020 programme under 
grant agreement No. 730030 (CEASELESS). We wish to thank F. Trincardi (CNR-ISMAR) for promoting this 
interdisciplinary research and L. Langone (CNR-ISMAR; the chief scientist onboard). We sincerely thank 
crewmembers of the R/V “Minerva Uno”, scientists and technicians onboard for their precious work and 
collaboration. We are also very grateful to A. Benetazzo for the hydrodinamical simulation, C. Ametrano for 
help with nanoplankton analyses, C. Cantoni and A. De Lazzari (CNR-ISMAR) for nutrients and TSM analyses.

Author Contributions
F.B.A and F.M.F equally contributed to the manuscript and shared first autorship. F.B.A., L.B. and F.M.F. wrote 
the manuscript and analysed the results, J.C. contributed to the setting up of the rapid response experiment and 
water mass description, A.B., G.M.L., J.C. and F.M.F. collected the samples and the CTD profiles, F.B.A., L.B., A.B., 
F.A., G.M.L., S.F. and E.C. analysed samples, F.M.F., M.S. and S.C. performed the hydrodynamic and Lagrangian 
models and simulations. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22569-2.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-22569-2
http://creativecommons.org/licenses/by/4.0/

	Massive shelf dense water flow influences plankton community structure and particle transport over long distance

	Results

	Definition of water masses in the study area. 
	Plankton biomass partitioning. 
	Phytoplankton species composition. 
	Lagrangian particles transport and dense water export. 

	Discussion

	Materials and Methods

	Study area and sampling activities. 
	Chlorophyll a, nutrients and TSM concentrations. 
	Abundance and biomass of auto- and heterotrophic picoplankton. 
	Abundance and biomass of auto- and heterotrophic nanoplankton. 
	Abundance, biomass and species composition of phytoplankton. 
	Abundance, biomass and structure of microzooplankton. 
	Statistical analyses. 
	Hydrodynamic and Lagrangian modelling. 
	Data availability. 

	Acknowledgements

	Figure 1 Map of the investigated area (red frame) in the southern Adriatic Sea (A).
	Figure 2 T-S plot of CTD casts all casts (grey dots) on the background.
	Figure 3 Autotrophic (dark gray bars) and heterotrophic (light gray bars) plankton biomass (A).
	Figure 4 Non metric Multidimensional scaling (NMDS) of phytoplankton species composition in different water masses (A), each point symbolizes a sample and different symbols correspond to different water masses.
	Figure 5 VDs pathways distributions (left panels) and fluxes (right panels) computed over particles passing across the four transects: Rimini (TR, panels A/E), Ancona (TA panels B/F), San Benedetto del Tronto (TB, panels C/G) and Gargano (TG, panels D/H).
	Table 1 Number of VD particles and total dense water volume crossing each transect (computed for the intervals shown in Fig.




