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Summary Shallow Arctic banks have been observed to harbour rich communities of epifaunal
organisms, but have not been well-studied with respect to composition or function due to
sampling challenges. In order to determine how these banks function in the Barents Sea
ecosystem, we used a combination of video and trawl/dredge sampling at several locations
on a heavily trawled bank, Tromsøflaket — located at the southwestern entrance to the Barents
Sea. We describe components of the benthic community, and calculate secondary production of
dominant epifaunal organisms. Forty-six epibenthic taxa were identified, and sponges were a
significant part of the surveyed benthic communities. There were differences in diversity and
production among areas, mainly related to the intensity of trawling activities. Gamma was the
most diverse and productive area, with highest species abundance and biomass. Trawled areas
had considerably lower species numbers, and significant differences in epifaunal abundance and
biomass were found between all trawled and untrawled areas. Trawling seems to have an impact
on the sponge communities: mean individual poriferan biomass was higher in untrawled areas,
and, although poriferans were observed in areas subjected to more intensive trawling, they were
at least five times less frequent than in untrawled areas.
© 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Barents Sea is one of the most productive marginal seas
of the world's oceans (Carmack and Wassmann, 2006; Sak-
shaug, 1997; Sakshaug and Slagstad, 1991). The estimated
average annual primary productivity in the Barents Sea is
about 100 g C m�2 y�1, but can be up to three times higher on
the shallow banks (Sakshaug et al., 2009). Those shallow
water regions make up more than one-third of the Barents
Sea area (Jakobsson, 2002) and are characterized by strong
depth gradients and dynamic physical processes, including
turbulent currents which interact to generate seasonally
high productivity. Shallow depths encourage rapid settle-
ment of newly fixed organic carbon to the sea floor, and
together with strong near-bottom currents, support rich
filter-feeding communities (Kędra et al., 2013). Shallow
banks are significant biodiversity hot spots in the larger
ecosystem, and their ecosystem functioning may be parti-
cularly significant since carbon cycling, benthic secondary
production, and food-web subsidies are enhanced (Grebme-
ier et al., 2006; Piepenburg et al., 1997; Piepenburg and
Schmid, 1996, 1997).

Tromsøflaket, located at the southern entrance of the
Barents Sea, is similar to other Barents Sea banks as it
supports rich communities of epifaunal organisms, including
long-lived and potentially vulnerable sponges and corals
(Buhl-Mortensen et al., 2012; Jørgensen et al., 2011; Zenke-
vich, 1963). It is also an important spawning and harvesting
area for some species of commercial fish (Loeng and Drink-
water, 2007; Olsen et al., 2010; Winsnes and Skjoldal, 2009).
Benthic secondary productivity in this region has recently
been estimated, and high values have been suggested for
some biotopes (Buhl-Mortensen et al., 2012). Some areas are
heavily fished, with bottom trawls being one of the most
common gears employed, but potential impacts on ecological
function, including future fisheries, have not been assessed.

Dredging and trawling activities can have serious impacts
on the bottom communities, and marine ecosystems in gen-
eral (Callaway et al., 2007; De Juan et al., 2011; Handley
et al., 2014; Hiddink et al., 2006; Hinz et al., 2009; Kaiser
et al., 2006; Olsgard et al., 2008). These effects include
habitat alteration (Mangano et al., 2013) and shifts in benthic
communities towards smaller, short-lived and fast-growing
species, which can cause system shifts from high to low
diversity and from a high biomass — low turnover to a low
biomass — high turnover system (Dannheim et al., 2014). This
has wider ecosystem implications: affecting marine food
webs by altering the quality of food available to commer-
cially important species as well as affecting their size (Hinz
et al., 2009; Shephard et al., 2014; Smith et al., 2013).

Despite their potential for having high ecosystem value,
many shallow areas represent a challenge for researchers.
The coarse substrate and strong currents make the use of
traditional quantitative sampling gears (grabs) difficult or
impossible. However, an underwater video has been used
effectively to assess epifaunal community structure and
function in a variety of shallow water habitats, and can
identify areas with evidence of trawling activities (Buhl-
Mortensen et al., 2009, 2012; Lindholm et al., 2004). More-
over, since it is a non-destructive sampling methodology,
visual surveys are valuable for examining potentially vulner-
able or sensitive seabed areas (Kilgour et al., 2014).
We, therefore, use underwater video to investigate epi-
benthic communities in the Tromsøflaket area. We ask what
the characteristic values for diversity, biomass, and second-
ary production of epibenthic fauna on this Arctic bank are,
and discuss how trawling may affect those parameters. These
results provide important data for future studies of benthic
fauna and ecosystem functioning.

2. Material and methods

2.1. Study area

Tromsøflaket is located in the southwestern Barents Sea with
a depth plateau between 150—200 m (Buhl-Mortensen et al.,
2009). The oceanography here is influenced by two major
current systems. The southern part is dominated by the
north-flowing Norwegian Coastal Current, with relatively
cold, low-salinity coastal water while the rest of the bank
is influenced by the Norwegian Atlantic Current, bringing
relatively warm, saline water to the north (Bellec et al.,
2008; Dijkstra et al., 2013; Skarðhamar and Svendsen, 2005).
Bottom temperature and salinity average are 4.88C (�1.5
standard deviation) and 35.1% (�0.3), respectively
(Jørgensen et al., 2015). Most of the bank sediments are
glacially derived. Coarse sediments are found on ridges and
shallow parts of the bank while finer sediments concentrate
in depressions, on the slopes, and in the deeper areas (Bellec
et al., 2008). The bank is ecologically and economically
important since it supports vulnerable sponge habitats which
account for about 90% of the benthic biomass (Buhl-Morten-
sen et al., 2009; Jørgensen et al., 2015), and is a spawning
area for commercial fish. In addition, it is a retention area for
eggs and larvae (Olsen et al., 2010), which are then preyed
upon by breeding and overwintering seabirds. Long-line,
Danish seine, and bottom-trawling fishers are highly active
on the east side of the bank (Jørgensen et al., 2016; Olsen
et al., 2010; Winsnes and Skjoldal, 2009).

2.2. Sampling and data analysis

A combination of video and trawl/dredge sampling was used
to describe components of the benthic community, and to
calculate secondary production of dominant epifaunal organ-
isms. The sea-bed conditions and epifauna were recorded
and photographed in summer 2008 using a SUB-fighter
4500 ROVequipped with zoom- and wide-angle video cameras
(Fig. 1). Lasers on the ROV permitted the size estimation of
objects detected. Differential GPS (in relation to the support
ship Olympic Poseidon) was used for positioning. A transpon-
der mounted on the ROV confirmed ��5 m accuracy in the
depth and positioning. Videos were taken at the depths of:
177—213 m in Alke Nord, 160—173 m in Alke Sør, and about
190 m in the Gamma areas. The video survey was conducted
under contract to the oil and gas company ENI, and raw video
files were provided for the purposes of these analyses.

Five to ten-minute-long video transects were taken in
each area. In all, 24 video transects from Alke Nord, 21 from
Alke Sør, and 23 from Gamma were analyzed in detail using
frame captures approximately every 30 s (n = 10—20 frames
per transect). To complement underwater video information,
epifauna were collected at several locations (7 from Alke and
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Figure 1 Map indicating the location of Tromsøflaket and positions of sampling sites.
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6 from Gamma fields) with dredges and trawls in August
2008 aboard the r/v Oceania. Benthic epifaunal organisms
collected by dredge were sorted onboard and fixed in buf-
fered 10% formalin. Later in the laboratory, material was
identified to the lowest possible taxonomic level, dried and
weighed (dry weight; a selection of different sizes of organ-
isms was made). For each species, the size—biomass relation-
ship was established. On the basis of this information, species
(or lowest identifiable taxonomic level) identities observed
on the video were confirmed, counted from each snapshot
and measured. Biomass (dry weight) was determined using
the empirical relationships calculated from dredge samples.
Secondary production was calculated according to Brey
(2001). In order to convert biomass [g dry weight m�2] into
energy [kJ] and thereafter to production values [kJ y�1], data
were first transformed using published conversion factors
(Brey, 2001). Subsequently, production/biomass (P B�1)
ratios were calculated for up to three size categories (large,
medium and small, depending upon how much the P B�1 ratio
varied with organism size) for each species by employing a
multiple regression model incorporating habitat (e.g., water
temperature, depth) and taxon-specific (e.g., phylum level,
motility) data (Bolam et al., 2010; Brey, 2001). To calculate
secondary production, the biomass per area of each
Photo 1 Snapshots of underwater video showing
organism/size class was multiplied by the respective P B�1

ratio. Total production values for each replicate were then
calculated as the sum of production values for each indivi-
dual, and thereafter aggregated at the phylum level. Pro-
duction at each area was represented as the average of the
replicates but one individual transect outlier was excluded
from further analysis. Finally, average production values
were transformed to carbon using the conversion factor
45.7 J = 1 mg C (Salonen et al., 1976), and all the calculated
values were standardized to a per m2 basis.

For each snapshot, the presence of trawling tracks was
noted (Photo 1) and, later, those results were used to con-
trast the effects of trawling on biodiversity, total abundance,
total biomass, and poriferan biomass. Mean values are given
with standard errors. Differences in taxonomic richness,
abundance, and biomass among sampling areas (Alke Nord,
Alke Sør and Gamma) were tested using the nonparametric
Kruskal—Wallis test and Dunn's post hoc multiple comparisons
test while differences between trawled and untrawled areas
were tested with the corrected Mann—Whitney U test (sam-
ple size larger than 20 and ties occurred across both samples;
Sokal and Rohlf, 1981). Nonparametric tests were chosen
since normality could not be obtained even after data trans-
formation. The number of taxa observed and estimated total
 trawled areas (a) versus untrawled areas (b).



Table 1 Most common taxa arranged in biomass (per m2)
order for trawled and untrawled areas in Alke Nord, Alke Sør
and Gamma. A — Actinaria, B — Bryozoa, C — Crustacea, E —

Echinodermata, Ec — Echiura, H — Hydrozoa, P — Porifera.
Poriferan species that occurred only once are marked with *.
Taxa identified to higher level than family and single taxa
other than poriferans are not included.

Trawled Untrawled

Alke Nord
Ceramaster granularis (E) Geodia barretti (P)
*Phakellia ventilabrum (P) Chalinidae indet. (P)
*Geodia barretti (P) Ceramaster granularis (E)
Leptychaster arcticus (E) Crisia eburnea (B)
Stylocordyla borealis (P) Bolocera tuediae (A)
Polymastia sp. (P) Phakellia ventilabrum (P)
Stichastrella sp. (E) Actinostola callosa (A)
Bolocera tuediae (A) Stylocordyla borealis (P)
*Asbestopluma pennatula (P) Cerianthus sp. (A)
Munida sp. (C) Leptychaster arcticus (E)

Henricia sp. (E)
Hexactinellida (P)
Axinella infundibuliformis (P)
*Asbestopluma pennatula (P)
Munida sp. (C)
*Mycale lingua (P)

Alke Sør
Phakellia ventilabrum (P) Phakellia ventilabrum (P)
Stichastrella sp. (E) Geodia barretti (P)
Ceramaster granularis (E) Ceramaster granularis (E)
Hippasteria phrygiana (E) *Aplysilla sulfurea (P)
Poraniomorpha sp. (E) Stichastrella sp. (E)
*Antho dichotoma (P) Leptychaster arcticus (E)

Bolocera tuediae (A)
Axinella infundibuliformis (P)
Poraniomorpha sp. (E)
Asbestopluma pennatula (P)
Hyas sp. (C)
*Polymastia sp. (P)
*Stylocordyla borealis (P)
Munida sp. (C)

Gamma
Geodia barretti (P) Geodia barretti (P)
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richness [Chao2] with 95% confidence intervals for each area
were computed according to Colwell et al. (2004). Data
analyses were performed using the Excel, EstimateS (Col-
well, 2009) and Statsoft software STATISTICA v. 6.

3. Results

3.1. Diversity

Altogether, 46 epibenthic taxa and 7 fish taxa were identified
across all surveyed areas (Fig. 2, Table 1). Estimated richness
[Chao2] was 88 species with 95% confidence intervals from
46 to 106. In Alke Nord the mean number of observed taxa
was 26 while Chao2 gave the estimate of 38 species (95% CI
29—79). In Alke Sør the mean number of observed taxa was
21, with Chao2 of 27 (95% CI 22—51), and in Gamma the mean
number of observed taxa was 28, with Chao2 of 40 (95% CI
30—96). Mean number of taxa per snapshot was 0.5 � 0.03 in
Alke Nord, 0.3 � 0.03 in Alke Sør and 1.5 � 0.1 in Gamma.
Alke Nord and Alke Sør were characterized by a gravel and
soft sediment bottom; and Gamma had muddy and sandy
sediments, with some crushed stones. In areas with hetero-
geneous bottoms, i.e. with both soft and hard substrate,
more taxa were found.

3.2. Productivity, abundance and biomass

Gamma was the most productive area, with total production
of 0.5 g C m�2 y�1 � 0.44, Alke Nord's total production was
0.33 g C m�2 y�1 � 0.77 (with an exception of one video
transect, where production of mainly poriferans and echino-
derms reached 5.6 g C m�2 y�1; however, this video was
excluded from further analysis as an outlier) and Alke Sør
had the lowest total production of only
0.07 g C m�2 y�1 � 0.12 (Fig. 3). Poriferans contributed the
most to the total production in all areas, followed by echi-
noderms (Fig. 3).

In Alke Nord and Alke Sør there were no organisms present
on most of the snapshots (60—67%), while in Gamma only 10%
of the photographs showed no macroscopic organisms. Mean
epifaunal total abundance in Alke Nord reached 0.7 ind.
m�2 � 0.3, 1.6 ind. m�2 � 0.8 in Gamma and only 0.1 ind.
m�2 � 0.02 in Alke Sør (Fig. 4A). There were significant
Parastichopus tremulus (E) Parastichopus tremulus (E)
Geodia macandrewii (P) Geodia macandrewii (P)
*Phakellia ventilabrum (P) Phakellia ventilabrum (P)
Ceramaster granularis (E) Aplysilla sulfurea (P)
Munida sp. (C) Mesothuria intestinalis (E)
*Hymedesmia sp. (P) Lithodes maja (C)
Bonellia viridis (Ec) Axinella infundibuliformis (P)
*Mycale lingua (P) Bolocera tuediae (A)

Stichastrella sp. (E)
Hymedesmia sp. (P)
Ceramaster granularis (E)
Reniera sp. (P)
Bonellia viridis (Ec)
Munida sp. (C)
Henricia sp. (E)
*Chalinidae indet. (P)
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Table 1 (Continued )

Trawled Untrawled

Hyas sp. (C)
Mycale lingua (P)
*Hexactinellida (P)
Stylocordyla borealis (P)
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differences in epifaunal total abundance among those three
areas (Kruskal—Wallis test: p < 0.05; Dunn's test: p < 0.05;
Table 2). Mean epifaunal total biomass (dry weight) in Alke
Nord reached 10.1 g m�2 � 4.0, 20.8 g m�2 � 5.3 in Gamma
and only 1.1 g m�2 � 0.3 in Alke Sør (Fig. 4B). There were
significant differences in epifaunal total biomass among
areas (Kruskal—Wallis test: p < 0.05; Dunn's test: p < 0.05;
Table 2).

3.3. Trawled versus untrawled areas

Tracks from trawling were registered at all surveyed areas.
Trawled areas had considerably lower taxonomic richness: in
Alke Nord 26 taxa were found in untrawled areas versus
11 taxa noted in trawled areas. In Alke Sør 17 taxa and
11 taxa were found in untrawled and trawled areas, respec-
tively. In the Gamma 28 taxa were found in untrawled versus
13 taxa found in trawled areas (Fig. 2). Mean number of taxa
per snapshot reached in Alke Nord: 0.5 � 0.04 and 0.2
� 0.05, in Alke Sør: 0.4 � 0.04 and 0.2 � 0.05 and in Gamma:
1.5 � 0.1 and 0.9 � 0.1 in untrawled and trawled areas,
respectively. There were significant differences in taxonomic
richness per photograph between trawled and untrawled
area at each study site (Mann—Whitney U test, p < 0.01;
Table 2). Poriferans dominated in terms of the number of
taxa, production, and biomass in all regions (Figs. 2 and 3).
Hydrozoans, bryozoans and annelids (filtering feeding Sabel-
lidae) were only present in untrawled areas. Actinarians,
echinoderms, crustaceans and poriferans were present in
both trawled and untrawled areas, but each group was more
diverse in untrawled areas (Table 1). Gastropods were
recorded only in trawled sites of Alke Sør. Sponge diversity
was higher in untrawled areas (porifera Axinella infundibu-
liformis only present there).

Mean epifaunal abundance reached 0.9 � 0.4 ind. m�2

and 0.1 � 0.03 ind. m�2 in Alke Nord, 1.8 � 0.9 ind. m�2

and 0.6 � 0.2 ind. m�2 in Gamma, and only 0.1 � 0.02 ind.
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Figure 4 (A) Mean abundance [ind. m�2] and (B) mean total epibe
Nord, Alke Sør and Gamma per total area (To) and in trawled (T) a
m�2 and 0.06 � 0.02 ind. m�2 in Alke Sør, in untrawled and
trawled areas, respectively (Fig. 4A). Mean epifaunal biomass
in Alke Nord reached: 13.0 � 5.2 g m�2 and 0.5 � 0.16 g m�2,
in Alke Sør: 1.4 � 0.4 g m�2 and 0.3 � 0.09 g m�2 and in
Gamma: 23.3 � 6.3 g m�2 and 6.3 � 2.5 g m�2 in untrawled
and trawled areas, respectively (Fig. 4B). There were sig-
nificant differences in epifaunal abundance and biomass
between all untrawled and trawled areas (Mann—Whitney
U test, p < 0.05; Table 2; Fig. 4A and B). Sponges mean
individual biomass in untrawled areas was higher: 32.2
� 57.0 g m�2 and 19.1 � 54.7 g m�2 in Alke Nord, 18.5
� 31.8 g m�2 and 8.2 � 8.6 g m�2 in Alke Sør and 53.5
� 59.8 g m�2 and 46.2 � 49.1 g m�2 in Gamma, untrawled
and trawled areas respectively. Although poriferans were
also observed in areas subjected to more intensive trawling
they were at least five times less frequent (and 18 times less
in Gamma) than in untrawled areas.

4. Discussion

In the Barents Sea, banks are recognized as important diver-
sity and productivity “hot spots” (Cochrane et al., 2012;
Kędra et al., 2013). Indeed, 46 taxa were found in this study
in Tromsøflaket, which was equal to the lower Chao2 95%
confidence interval. Nevertheless, this value is lower than
other findings for this bank: Buhl-Mortensen et al. (2012)
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Table 2 Results of statistical tests: K-W — Kruskal—Wallis, D — Dunn's post hoc multiple comparisons, U — corrected Mann—
Whitney U, used to assess differences in abundance, biomass and taxonomic richness (number of taxa), among sampling areas (Alke
Nord, Alke Sør and Gamma) and between trawled and untrawled areas. Test results are given (stat) and significance level ( p).
Significant differences are marked with *.

Test Abundance Biomass Taxonomic richness

stat p stat p stat p

Area K-W H 249.77 * <0.01 216.27 * <0.01 293.32 * <0.01
Alke Nord vs. Alke Sør D z 4.03 * <0.05 2.90 * <0.05 1.13 >0.05
Alke Nord vs. Gamma D z 11.07 * <0.05 10.83 * <0.05 13.50 * <0.05
Alke Sør vs. Gamma D z 14.15 * <0.05 12.87 * <0.05 13.73 * <0.05

Trawled vs. untrawled
Alke Nord U zcor �4.31 * <0.01 �4.10 * <0.01 �3.95 * <0.01
Alke Sør U zcor �2.08 * 0.037 �1.97 * 0.048 �1.98 * 0.047
Gamma U zcor �2.95 * <0.01 �4.06 * <0.01 �3.55 * <0.01
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reported about 180 taxa; another study showed over 100 taxa
in Tromsøflaket area (Buhl-Mortensen et al., 2009). Our
values were lower; however, those two studies were con-
ducted on a larger area, in a wider range of habitats, and with
higher sampling effort than in the current study. Also, the
reported average number of taxa was only about 30 for
depths under 200 m in Tromsøflaket (Buhl-Mortensen
et al., 2012). Where the same sediment types were sampled,
Buhl-Mortensen et al. (2009) reported many of the same
dominant poriferan (Asbestopluma pennatula, Geodia
spp., Stylocordyla borealis, Phakellia sp., Axinella sp. and
Polymastia sp.) and asteroidean taxa (Ceramaster granularis
and Poraniomorpha spp.) as found here. Buhl-Mortensen
et al. (2012) reported higher diversity and production in
regions with heterogeneous bottom sediments, where gravel
and/or stones were present.

In general, Arctic shallow banks are characterized by high
biomass of epifaunal communities, especially when com-
pared to deeper areas (Grebmeier et al., 2006; Kędra
et al., 2013; Piepenburg et al., 1997; Piepenburg and Schmid,
1996, 1997). Although Tromsøflaket epifaunal diversity was
relatively high, its biomass (less than 20 g m�2 dry weight in
all fields on average) and production (below 0.5 g C m�2 y�1,
but above 5 g C m�2 y�1 in one Alke Nord location) were
lower compared to epibenthos in other parts of the Barents
Sea. However, the biomass and production estimation in this
study might be biased due to the chosen method (video
analysis) and more extensive dredge sampling may reveal
higher values. In deep parts of the Barents Sea, benthic
biomass is on average about 100 g m�2 wet weight (Gulliksen
et al., 2009), while on the most productive bank (Svalbard
Bank) it averages about 600 g m�2 (Idelson, 1930; Kędra
et al., 2013). Buhl-Mortensen et al. (2012) reported similar
or lower (to our results) epifaunal production values for some
biotopes. Lower primary production and greater depths at
Tromsøflaket (compared to Svalbard Bank) likely result in
lower organic matter input to the sea floor, and may be
reflected by the lower epifaunal biomass there. However,
this pattern is not necessary reflected for epifauna at all
deeper (about 200 m) banks in the Barents Sea (Jørgensen
et al., 2016). Moreover, Tromsøflaket is subjected to inten-
sive fishing through its whole area (Jørgensen et al., 2016),
influencing standing stocks of benthic epifauna. Epifaunal
contribution to benthic productivity at other sites of approxi-
mately 200 m in the Barents Sea is believed to be minor
(about 4%; Piepenburg, 2005), but since we only focused on
the epifauna and no infaunal samples were taken, we cannot
estimate the bank's total benthic production.

In our study trawling tracks were registered at all surveyed
regions. Fishing intensity at Tromsøflaket is high, particularly
in both Alke fields (http://kart.fiskeridir.no/; Jørgensen
et al., 2016). This is reflected in significantly lower biomass
and productivity in those fields compared to Gamma, where
fishing pressure is lower. Although we designated particular
fields in each snapshot as trawled or untrawled, lack of
trawling marks on analyzed videos at Gamma (and other
areas) does not preclude their presence nearby and their
influence on epifauna there. Bottom trawling is known to
have direct influence on bottom communities through dis-
location, damage and mortality of benthic organisms (Berg-
man and Hup, 1992; Bergman and van Santbrink, 2000; Collie
et al., 2016; Jennings and Kaiser, 1998), but also indirect
effects through sediment disturbance and resuspension (Jen-
nings et al., 2001; Watling et al., 2001). Sessile filter-feeders
and large-bodied animals, such as sponges (dominant taxa in
this study), hydroids, soft corals and bryozoans, are more
sensitive to such disturbance but can survive in lightly
trawled areas (Boulcott and Howell, 2011; Kaiser et al.,
2002, 2006; Løkkeborg, 2005; Tillin et al., 2006). Heavily
trawled areas in our study were less diverse, but all func-
tional groups were present, including the sessile poriferans
(although filter-feeding hydrozoans, bryozoans and poly-
chaetes were absent). Intensively trawled areas are often
characterized by a higher relative biomass of mobile animals
and scavenging invertebrates (Collie et al., 1997; Rumohr and
Kujawski, 2000; Tillin et al., 2006) which might have been the
case of gastropods presence in Alke Sør. The high abundance
of the opportunist crustaceans Munida sp. and Hyas sp. was
also noted in the Gamma and Alke Sør, but in both trawled
and untrawled areas.

Trawling impacts on sessile organisms are particularly
high, and in the case of large sponges, the removal rate is
estimated to reach about 20% of initial biomass per single
trawl (Pitcher et al., 2000). Although the removal process is
fast and effective, the time needed for recovery is long and
the success of recovery uncertain. Studies on the recovery
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rate of benthic populations in fished areas suggest a steady
recovery of the benthic megafauna within at least 5 years
after cessation of trawling and dredging activities (Hermsen
et al., 2003). Benthic infaunal communities are reported to
need at least 18 months to recover (Desprez, 2000; Sarda
et al., 2000; Tuck et al., 1998), but the recovery of large
sessile fauna will more likely take years to decades (Rag-
narsson et al., 2015). Sponges, in particular, needed 8 years
to recover (based on meta-analysis of about 100 different
fishing impact manipulations, mainly from north Europe and
northeast America; Kaiser et al., 2006), but there are some
indications that large sponges and corals recovery might take
even more than 15 years (on tropical shelves in Australia,
Pitcher et al., 2000). Islandic scallop needed about 20 years
to initiate population recovery, after heavy fishing on the
Svalbard Bank was ceased due to stock depletion; yet, the
current densities and biomass are still lower than in the
1920s, before the fisheries had started (Idelson, 1930; Kędra
et al., 2013). In this study, sponge diversity was lower in
trawled areas and specimens observed in trawled areas had
lower individual biomass than ones outside the trawling
tracks. Although some, even large, sponges were found in
this study in old trawling tracks, it is more likely that those
individuals were dislocated and moved by recent fishing
activities, so it is questionable whether they survived.

The impact of chronic bottom trawling on benthic fauna
depends on the natural disturbance levels to which benthic
communities are adapted. In general, biomass and produc-
tion of fauna on poorly-sorted, gravelly or muddy sediments,
as found in our study, were more sensitive to chronic trawling
than well-sorted sandy habitat substrates (Bolam et al.,
2014; Queiros et al., 2006). Removal or disturbance of habi-
tat-forming species like corals and sponges can have a serious
effect on biodiversity and ecosystem functioning. For exam-
ple, lower benthic production in regions of high importance
for fisheries may reduce fish growth and reproduction since
bottom fishing may affect diet composition and prey quality
(Collie et al., 2016; Johnson et al., 2015; Shephard et al.,
2014; Smith et al., 2013). It is important to note, however,
that we only evaluated epibenthic megafauna in this study,
and we cannot be certain to what extent these results are
mirrored in other community components.

5. Conclusions

Our results suggest some impact of trawling on the epifaunal
biomass and productivity in Tromsøflaket that are not unequi-
vocal. More unambiguous results could be obtained if large
areas with no trawling impacts were sampled. Increasing
anthropogenic pressure in the area, including continued
trawling and potential oil drilling, as well as accelerating
climate change, will strongly affect vulnerable epifauna and
habitats of Tromsøflaket. Thus, further studies on diversity
and productivity of epifauna, and their links with infaunal
components, in this area are required.
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Summary The paper provides a simple and analytical method which can be used to give
estimates of the wave-induced bottom shear stress for very rough beds and mud beds in shallow
water based on wind statistics in deep water. This is exemplified by using long-term wind statistics
from the northern North Sea, and by providing examples representing realistic field conditions.
Based on, for example, global wind statistics, the present results can be used to make estimates
of the bottom shear stress in shallow water.
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The rough turbulent flow regime considered here corre-
sponds to very rough beds. The results in this flow regime are
relevant for assessing, e.g. the stability of scour protection in
the coastal environment for relative large stone sizes com-
pared to the near-bed random wave activity.

Laminar flow near mud beds, where clays and silt are
referred to as mud, is of practical interest. The movement of
mud within coastal and estuarine waters might have large
economical and ecological impact in the development of new
engineering works and maintenance of existing installations,
e.g. related to necessary routine dredging required for ports'
accessibility to shipping. The capability to predict the move-
ment of the mud is also essential to understand the distribu-
tion of certain pollutants adsorbed to mud, as cohesive
sediments are often contaminated. It appears that organic
(polychlorinated biphenyl (PCBs), etc.) pollutants adhere
easily to the clay particles and organic materials of the
sediments. The results for laminar flow are relevant for
assessing erosion and deposition of mud beneath random
waves.

Further details on the background and complexity of the
flow, as well as reviews of the problems are found in the
textbooks of, e.g. Nielsen (1992), Fredsøe and Deigaard
(1992), Soulsby (1997), Whitehouse et al. (2000), Winterwerp
and van Kesteren (2004).

The purpose of this study is to demonstrate how wind
statistics in deep water can be used to provide the wave-
induced bottom shear stress in shallow water. Results are
given for the bottom shear stress beneath random surface
waves at beds with very large roughness and for laminar flow
applied to mud beds, and are primarily based on the previous
work by Myrhaug and Holmedal (2010) who provided the
seabed shear stress spectrum for very rough beds and for
laminar flow. Examples of results representing realistic field
conditions are given.

2. Bottom shear stress beneath random
waves in shallow water

2.1. Spectrum of bottom shear stress

Following Myrhaug and Holmedal (2010) (hereafter referred
to as MH10) the bottom shear stress spectrum for laminar
flow in shallow water (kh � 1) is obtained as (see Eq. (A12) in
the Appendix)

Sðt=rÞðt=rÞðv; hÞ ¼ nfv
3

ðkhÞ2
v2h
2g

SzzðvÞ: (1)

Here t is the bottom shear stress, r is the fluid density, v is
the cyclic wave frequency, h is the water depth, nf is the
kinematic viscosity of the fluid, k is the wave number deter-
mined from the dispersion relationship v2 = gk tanhkh which
in shallow water reduces to v2 = k2gh, g is the acceleration
due to gravity, and Szz(v) is the deep water wave spectrum.

The bottom shear stress spectrum for rough turbulent flow
over a bed with very large roughness in shallow water is
obtained as (see Eq. (A16) in the Appendix)

Sðt=rÞðt=rÞðv; hÞ ¼ c2z20v
4

4ðkhÞ2
v2h
2g

SzzðvÞ: (2)
Here z0 is the average bottom roughness, and c is a constant
with the two values 9 and 18 reflecting that c depends
strongly on the geometry of the large roughness elements
(see the Appendix for more details). The first term on the
right hand side of Eqs. (1) and (2) represents the square of the
magnitude of the transfer function between the bottom
shear stress t/r and the free surface elevation z; the second
term represents the depth correction factor in shallow water,
i.e. a correction factor which is used to transform the
deep water wave spectrum Szz(v) to shallow water (see
the Appendix for more details).

By substituting k2 = v2/gh, Eqs. (1) and (2) are rearranged,
respectively, to

Sðt=rÞðt=rÞðv; hÞ ¼ 1
2
nfv

3SzzðvÞ; laminar; (3)

Sðt=rÞðt=rÞðv; hÞ ¼ 1
8
ðcz0Þ2v4SzzðvÞ; rough: (4)

Thus the shear stress spectra in shallow water are given in
terms of the deep water wave spectrum, and it should be
noted that the dependence on the water depth disappears.
Overall this is a consequence of transforming the waves from
deep to shallow water and using the bed shear stress for
laminar flow (Eqs. (A3) and (A8)) and for very rough beds
(Eqs. (A3) and (A13)).

2.2. Laminar flow

The zeroth spectral moment of the bottom shear stress
spectrum for laminar flow is obtained from Eq. (3) as

m0t=r ¼
Z1
0

Sðt=rÞðt=rÞðv; hÞdv ¼ nf

2
m3; (5)

where m3 is the third wave spectral moment in deep water,
i.e. the nth spectral moment of the deep water wave spec-
trum is defined as

mn ¼
Z1
0

vnSzzðvÞdv; n ¼ 0; 1; 2; 3; 4; . . . (6)

Thus, from Eq. (5) the significant value of the bottom
shear stress height is obtained as

Hst=r ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffi
m0t=r

p ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2nfm3

q
: (7)

2.3. Very rough beds

The zeroth spectral moment of the bottom shear stress
spectrum for very rough beds is obtained from Eq. (4) as

m0t=r ¼ 1
8
ðcz0Þ2m4; (8)

where m4 is the fourth spectral moment of the wave spec-
trum in deep water defined in Eq. (6). The most common
model wave spectra are proportional to v�5 for large v, and
thus m4 does not exist. However, m4 can be expressed in
terms of the spectral moments m0, m1 and m2, and the
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spectral bandwidth parameters e and n are given in terms of
the spectral moments of the deep water wave spectrum as
(see e.g. Tucker and Pitt, 2001)

e2 ¼ 1� m2
2

m0m4
; (9)

n2 ¼ m0m2

m2
1

�1: (10)

For a narrow-band wave process n = e/2 (Longuet-Higgins,
1975), which gives

m4 ¼ m2
1m

2
2

m0ð5m2
1�4m0m2Þ

: (11)

Thus, from Eq. (8) the significant value of the bottom
shear stress height is obtained as

Hst=r ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffi
m0t=r

p ¼
ffiffiffi
2

p
cz0

ffiffiffiffiffiffi
m4

p
; (12)

where m4 is given in Eq. (11).

3. Examples of results for a Phillips wave
spectrum and wind statistics in deep water

Two examples are included to illustrate the applicability of
the results for practical purposes using data typical for field
conditions: a water depth with h = 3 m consisting of very
rough beds with bed roughness z0 = 0.0094 m representative
for cobble according to Soulsby (1997, Fig. 4), and mud beds
with median grain diameter d50 = 0.03 mm representative of
medium silt according to Soulsby (1997, Fig. 4).

First, the common features of the two examples will be
described. Examples of results are given by choosing the
Phillips deep water wave spectrum for which analytical
expressions can be obtained (see e.g. Holthuijsen, 2007;
Tucker and Pitt, 2001)

SðvÞ ¼ a
g2

v5 ; v � vp ¼ g
U10

; (13)

where a = 0.0081 is the Phillips constant, vp is the spectral
peak frequency, and U10 is the mean wind speed at the 10 m
elevation above the sea surface. By using the definition of the
spectral moments in Eq. (6) it follows that the significant
wave height in deep water is

Hs ¼ 4
ffiffiffiffiffiffi
m0

p ¼ 2
ffiffiffi
a

p g
v2
p
: (14)

Then it follows from Eqs. (11) and (12) for very rough beds
that

Hst=r ¼ 2
ffiffiffi
a

p
gcz0; rough: (15)

Moreover, for laminar flow it follows from Eq. (7) that

Hst=r ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2nfagU10

q
; laminar: (16)

Furthermore, the Phillips spectrum transformed to shal-
low water becomes

Szzðv; hÞ ¼ v2h
2g

SzzðvÞ ¼ a
gh
2v3 ; v � vp ¼ g

U10
; (17)
which gives the following significant wave height in shallow
water:

Hsh ¼ 4
ffiffiffiffiffiffiffiffi
m0h

p ¼ 2
ffiffiffiffiffiffiffiffi
agh

p
vp

; shallow water; (18)

where m0h ¼ R1
0 Szzðv; hÞdv:

It is noted that for very rough beds (Eq. (15)) Hst/r is
independent of U10, while for laminar flow (Eq. (16)) Hst/r

depends on U10. Consequently, the results for laminar flow
can be obtained from available wind statistics for an ocean
area, e.g. from a long-term distribution of U10.

Different parametric models for the cumulative distribu-
tion function (cdf) or the probability density function ( pdf)
of U10 are given in the literature, see e.g. a recent review in
Bitner-Gregersen (2015). In the present example the cdf of
U10 given by Johannessen et al. (2001) is used to demonstrate
the application of the results. This cdf is based on wind
measurements covering the years 1973—1999 from the north-
ern North Sea. The database consists of composite measure-
ments from the Brent, Troll, Statfjord and Gullfaks fields as
well as the weather ship Stevenson. Model data from the
Norwegian hindcast archive (WINCH, gridpoint 1415) have
been filled in for periods where measured data were missing.
Thus a 25-year-long continuous time series has been used
(see Johannessen et al., 2001 for more details), upon which
the cdf of the 1-h values of U10 is described by the two-
parameter Weibull model

PðU10Þ ¼ 1�exp � U10

u

� �b
" #

; U10 � 0; (19)

with the Weibull parameters:

u ¼ 8:426; b ¼ 1:708: (20)

Now the long-term statistics of Hst/r for laminar flow can
be derived by using this cdf of U10. Statistical quantities of
interest are, e.g. the expected value of Hst/r, E[Hst/r], and
the variance of Hst/r, Var[Hst/r], which for laminar flow will
be proportional to E½U1=2

10 � and Var½U1=2
10 �, respectively. This

requires calculation of E½Un
10�, which for a Weibull distributed

quantity is given by (Bury, 1975)

E½Un
10� ¼ unG 1 þ n

b

� �
; (21)

where G is the gamma function, and n is a real number.
Furthermore (Bury, 1975):

Var½Un
10� ¼ E½U2n

10 ��ðE½Un
10�Þ2: (22)

Moreover, the results are further exemplified by the deep
water wave conditions corresponding to the expected value
of U10, i.e. given by E[U10] = 7.5 m s�1 according to Eqs. (20)
and (21). Based on this it follows that:

� spectral peak frequency vp = g/E[U10] = 1.308 rad s�1, cor-
responding to the spectral peak period Tp = 2p/vp = 4.8 s,

� significant wave height in deep water, Hs ¼ 2
ffiffiffi
a

p
g=v2

p ¼
1:03 m,

� significant wave height in shallow water,
Hsh ¼ 2

ffiffiffiffiffiffiffiffi
agh

p
=vp ¼ 0:75 m,

� kp from the shallow water dispersion relationship corre-
sponding to vp; kp ¼ vp=

ffiffiffiffiffiffi
gh

p
¼ 0:241 rad m�1,
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� peak near-bed orbital displacement amplitude,
Ap = Hsh/(2kph) = 0.52 m.

3.1. Example 1: Very rough beds

Now it follows that

� Ap/z0 = 55 < 300, i.e. being in the range of the data of
both Myrhaug et al. (2001) and Dixen et al. (2008) (see the
Appendix and MH10 for more details). Thus both c = 9 and
c = 18 are used in this example for very rough beds.

Then it follows from Eq. (15) that

Hst=r ¼ 2
ffiffiffi
a

p
gz0

9
18

�
¼ 0:15 m2 s�2

0:30 m2 s�2 :

�
(23)

The critical shear stress for movement of the bottom
material is given by Soulsby (1997) as

t

r

� �
c
¼ 0:055ðs�1Þg d50; (24)

where s = 2.65 is the sediment density to fluid density ratio
taken as for quartz sand and d50 = 12z0. This example gives
(t/r)c = 0.10 m2 s�2, showing that the bottom material will
be exposed to erosion for both values of c. However, in
other cases it might be that the two values of c will give
different results. In such cases the user has to make the
best jugdement based on the location and situation con-
sidered.

3.2. Example 2: Mud beds

The given flow conditions are:

� density of water, r = 1027 kg m�3,
� kinematic viscosity of water at temperature 108C and
salinity 35%, vf = 1.36 � 10�6 m2 s�1.

Now it follows that:

� the wave Reynolds number, Re ¼ UpAp=nf ¼ vpA2
p=nf ¼

2:6�105, i.e. the flow is in the laminar flow regime
Re 9 3 � 105 (Soulsby, 1997) and Up = vpAp.

Then it follows from Eqs. (16), (20) and (21) that

E½Hst=r� ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
2nfag

q
E½U1=2

10 � ¼ 0:00243 m2 s�2; (25)

and from Eqs. (16), (20), (21) and (22) that the standard
deviation (equal to the square root of the variance) of Hst/r is

s½Hst=r� ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
2nfag

q
s½U1=2

10 � ¼ 0:00079 m2 s�2: (26)

Thus the interval corresponding to the mean value
� one standard deviation is given by (0.00164 m2 s�2,
0.00322 m2 s�2).

By following the examples in Whitehouse et al. (2000) (i.e.
example 4.2 for erosion and example 8.1 for deposition), the
critical bottom shear stress for erosion is te = 0.197 N m�2

and for deposition it is td = 0.08 N m�2. Thus it follows that
te/r = 0.00019 m2 s�2 and td/r = 0.000078 m2 s�2, showing
that the bed is exposed to erosion for this flow condition.
In general, mud beds exhibit cohesive properties and the
details of the flow can only be understood by including a
number of complex transport mechanisms; see e.g. White-
house et al. (2000) and Winterwerp and van Kesteren (2004)
for further details. The flow over muds is not necessarily
laminar, but will depend on the wave Reynolds number Re,
which can be large enough corresponding to turbulent flow
over smooth (or mud) beds, i.e. Re 0 3 � 105. Furthermore,
the results in Fredsøe and Deigaard (1992, Fig. 2.13) can be
used to distinguish between laminar and turbulent flow for
different combinations of grain size and Reynolds number.
Further details including formulas which can be used for
practical purposes are given in Soulsby (1997, Ch. 4.5).

4. Comments

Finally some comments are given on the present method
versus common practice in coastal engineering. For calculat-
ing bottom shear stress for random waves in shallow water
common practice would be to start from available data on
joint statistics of Hs and Tp within directional sectors at a
nearby offshore location; then to transform these by using a
wave simulation model to obtain joint statistics of Hs and Tp at
the relevant location; then to use this information as input for
calculating the bottom shear stress. Alternatively, this paper
provides a simple analytical method giving first estimates of
random wave-induced bottom shear stress for very rough beds
and mud beds from observed deep water sea surface wind
statistics with an example based on in situ data obtained from
the Northern North Sea. The Phillips deep water wave fre-
quency spectrum is used to relate wind to waves together with
the narrow-band and shallow water assumptions. Thus an
analytical estimate of the associated bottom shear stresses
is obtained. The narrow-band assumption is justified since the
waves with the frequencies close to the spectral peak fre-
quency are the most energetic contributing to the bed shear
stresses in shallow water. Such simple methods are useful to
be able to quickly make estimates which can be used for
comparison and verification of more complete computational
methods, as well as in situations when time and access to
computational resources are limited (under e.g. field condi-
tions). Moreover, it might also serve as a first inexpensive
estimate of the quantities of interest before eventually apply-
ing more work-intensive computational tools.

5. Summary and conclusions

A simple analytical method which can be used to give esti-
mates of the random wave-induced bottom shear stress for
very rough beds and mud beds in shallow water based on wind
conditions in deep water is provided. Results are exemplified
by using long-term wind statistics from the northern North
Sea and by giving examples representing realistic field con-
ditions. The example calculations demonstrate that the sea
bottom material will be exposed to erosion both for very
rough beds and mud beds. The results should represent a
useful tool for assessment of, e.g. the stability of scour
protections in coastal environments where the stone size
is large compared to the near-bed wave activity, as well as
assessment of erosion and deposition of mud. The method
should also represent a useful representation of the bottom
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shear stress often required in operational estuarine, coastal
and ocean circulation models based on, for example, avail-
able global wind statistics.
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Appendix. Spectrum of seabed shear
stresses in shallow water

Here a brief summary of the theoretical background from
MH10 is given.

Consider an oscillatory wave boundary layer flow where
the motion is horizontally uniform in the direction along the
seabed. By using complex notation the free stream velocity
outside the wave boundary layer is

uðtÞ ¼ Ueivt; (A1)

where U is the near-bed orbital velocity amplitude, t is the
time, v is the cyclic wave frequency, and i = (�1)1/2 is the
complex unity. The seabed shear stress is

tðtÞ ¼ tmeiðvtþ’Þ; (A2)

where w is the phase angle between t(t) and u(t), and tm is
the maximum seabed shear stress given by

tm

r
¼ 1

2
fwU

2; (A3)

where r is the fluid density and fw is the wave friction factor.
Now u(t) can be expressed in terms of the free surface

elevation z(t) as:

uðtÞ ¼ vzðtÞ
sinh kh

; zðtÞ ¼ zAe
ivt; (A4)

where zA is the wave amplitude, h is the water depth, and k is
the wave number determined from the dispersion relation-
ship for linear waves as given in Section 2.1. From Eqs. (A1)
and (A4) it follows that

U ¼ vzA
sinh kh

: (A5)

The wave spectrum in finite water, Szz(v, h), can be
obtained by multiplying the deep water wave spectrum,
Szz(v), with a depth correction factor, C(v, h), as

Szzðv; hÞ ¼ Cðv; hÞSzzðvÞ: (A6)

In shallow water (kh � 1) (Holthuijsen, 2007, Section
8.3.2)

Cðv; hÞ ¼ v2h
2g

: (A7)

First, using laminar flow as a reference case, the wave
friction factor and the phase angle are given as, respectively,

fw ¼ 2Re�0:5; Re ¼ UA
nf

; (A8)
’ ¼ p

4
: (A9)

Here Re is the Reynolds number associated with the wave
motion, A = U/v, and nf is the kinematic viscosity of the fluid.
By using Eqs. (A1), (A3), (A4), (A8) and (A9), Eq. (A2) takes
the form

tðtÞ
r

¼
ffiffiffiffiffiffiffiffi
nfv

p
v

sinh kh
zAe

iðvtþðp=4ÞÞ: (A10)

Then the Response Amplitude Operator (RAO) = ratio be-
tween the amplitude of the seabed shear stress, t(t)/r, and
the amplitude of the free surface elevation, z(t), in shallow
water is obtained as (i.e. corresponding to the magnitude of
the transfer function)

RAO ¼ ðnfvÞ1=2v
kh

: (A11)

Thus the seabed shear stress spectrum for laminar flow is
given as

Sðt=rÞðt=rÞðv; hÞ ¼ nfv
3

ðkhÞ2
v2h
2g

SzzðvÞ: (A12)

For rough turbulent flow the transfer function between
the free surface elevation and the seabed shear stress at beds
with very large roughness can be found analytically. In this
roughness regime the wave friction factor is given as

fw ¼ c
A
z0

� ��1

; (A13)

where c is a constant. This variation of fw was found by Sleath
(1984) and Dixen et al. (2008) based on theoretical consider-
ations; Myrhaug et al. (2001) and Dixen et al. (2008) found
experimental evidence of this behaviour based on laboratory
tests. The data used by Myrhaug et al. (2001) were in the
range 1 9 A/z0 9 300 with a bed roughness of nominal 1.0 cm
diameter granite chippings. The Dixen et al. (2008) data were
in the range 20 9 A/z0 9 90 with a bed roughness using two
kinds of stones as well as ping-pong balls. Myrhaug et al.
(2001) found that c = 18. Dixen et al. (2008) proposed the
friction factor fw ¼ 4:86ðA=z0Þ�0:8 obtained as best fit to data
in the range 6 < A/z0 < 300 (based on their own data plus
other data; see Fig. 14 in their paper). However, by consider-
ing the scatter of the data in the range 6 < A/z0 < 90, the
difference between using this friction factor or Eq. (A13) with
c = 9 is not significant. Thus a friction factor proportional to
(A/z0)

�1 is used here to serve the purpose of demonstrating
how this can be used to determine the seabed shear stress
spectrum for very rough beds. The two different values of
c (i.e. 9 and 18) suggest that c might depend strongly on the
geometry of the large roughness elements. The phase angle,
w, is not known for the Myrhaug et al. (2001) data; w was found
to be in the range 19—238 for the Dixen et al. (2008) data.
Further details are given in MH10.

By combining Eqs. (A1), (A3), (A4), A = U/v and (A13),
Eq. (A2) takes the form of

tðtÞ
r

¼ cz0v2

2sinh kh
zAe

iðvtþ’Þ; (A14)

and the RAO between the free surface elevation and the
seabed shear stress in shallow water is obtained as
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RAO ¼ cz0v2

2kh
: (A15)

Thus the seabed shear stress spectrum for rough turbulent
flow over a bed with very large roughness is given as

Sðt=rÞðt=rÞðv; hÞ ¼ c2z20v
4

4ðkhÞ2
v2h
2g

SzzðvÞ: (A16)

It should be noted that only the waves with wavelengths
longer than approximately two times the water depth will
give wave activity at the seabed. Thus, by using the deep
water dispersion relationship v2 = gk, this means that the
waves at the seabed have frequencies below (pg h�1)1/2.
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Summary A model for overcoming the gravity by sea-picoplankton cells is proposed here. It is
based on different means of escaping from potential predators used by cells of co-existing
picoplankton species. These different means cause friction anisotropy of motile cells with strong
antipredator behavior (AB). According to equations of stochastic movement used in this model for
picoplankton cells with strong AB, collocated with high concentration of cells with weak or absent
AB, the sedimentation can be considerably overcome.
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1. Introduction

Plankton microorganisms in wide range of sizes are extremely
numerous in saline waters of seas and oceans. They are the
key agents of global biogeochemical cycles (Strom, 2008) and
their ecology is partly driven by their motility patterns, which
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dictate their distributions and encounters with biotic and
abiotic targets (Visser and Kiorboe, 2006). Many planktonic
organisms are known to undergo diel vertical migrations
(DVMs) up to tens of meters per day in the field (Smayda,
2010). DVM may allow individuals to avoid predation, for
example by moving through haloclines (Bollens et al., 2012;
Harvey and Menden-Deuer, 2012) and, in the case of phyto-
plankton, to balance daytime near-surface light exposure
with nighttime nutrient uptake at depth (Cullen, 1985).
Marine planktonic cells can undergo DVM in two ways: by
gravitaxis or by gravikinesis (Eggersdorfer and Häder, 1991;
Schuech and Menden-Deuer, 2014). The process of microor-
ganisms' gravidependent spatial orientation is called grav-
itaxis (known historically as geotaxis). The motile
microorganism's spatial orientating to move upwards and
downwards is called negative and positive gravitaxis respec-
tively (Roberts, 2006). Gravitaxis has two different aspects:
biological and physical. The biological aspect of gravitaxis is
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expressed by the existence of certain cell receptors accept-
ing gravistimulus and, through signaling chains, causing the
change in the direction the cell moves (Hemmersbach and
Häder, 1999). The physical aspect of gravitaxis is visible in the
occurrence of hydrodynamic (Hagen et al., 2014; Roberts and
Deacon, 2002) or density gradient (Kessler, 1985) torque
which changes the orientation of the cell. The speed of some
microorganisms depends on their orientation within the
gravity field (excluding buoyancy of the whole cells). This
phenomenon is called gravikinesis. So far, physiological
mechanisms of gravikinesis have been well examined and
described by Hemmersbach and Häder (1999) for example. Its
physical aspect however has not yet been investigated and it
might be expressed by an anisotropic interaction of the
microorganisms with the water medium.

Many planktonic species are non-spherical, extended
along their single axis and typically wider at the rear than
at the front. Such an asymmetrical shape causes the above-
mentioned torque orienting their fronts upward (Schuech and
Menden-Deuer, 2014). Thus, it is natural to conclude that if
these organisms need cell receptors for realizing DVM
(Schuech and Menden-Deuer, 2014), then, for the simple
overcoming of sedimentation, these organisms need only
physical mechanisms, which are quite enough to direct the
averaged locomotion force upwards. A considerable part of
the biological diversity of motile picoplankton organisms
(whose dimension varies from 0.2 � 10�6 to 2 � 10�6 m)
consists of flagellar bacteria. The bacterial cell motor can
switch the direction of its action. For example, this has been
shown for the marine bacterium Vibrio alginolyticus (Xie
et al., 2015). Therefore, cell asymmetry cannot play the
part in their physical gravitaxis. Thus, a question can be
raised: whether these organisms can overcome sedimenta-
tion without any special cellular mechanism for gravity
perception, as it has been shown for asymmetric microplank-
ton (Hemmersbach and Häder, 1999)? We have tried to
answer this question positively taking into account antipre-
dator behavior (AB) — the ability of picoplankton organisms
to detect and escape their predators by outrunning them. ABs
of different species vary considerably (Pernthaler, 2005).
Analogical behavior has also been revealed for microplankton
(Harvey and Menden-Deuer, 2012). As it has been shown, in
presence of active predator the sexual and predatory activ-
ities of prey cells were inhibited (Harvey and Menden-Deuer,
2012). Thus, to simplify we excluded from our model pre-
datory and sexual behaviors of the microorganisms facilitat-
ing the encounters between the cells. Although there are
numerous picoplanktonic species in natural sea waters, for
simplicity's sake we considered a collocation of only two
species: those with strong and absent AB. The cells with
strong AB always try to escape the others as potential pre-
dators. We have also taken into consideration the influence of
thermal fluctuations on the movement of these tiny plankton
microorganisms. Thus, the movement of a microorganism can
be described by Langevin's equation, which considers random
fluctuation force. Therefore its coordinate, velocity and
acceleration depend on time randomly, too. However, when
averaged, these quantities depend on time unambiguously.
Such movement is called stochastic (Sklar, 1993). Let us show
the possible result when an averaged fluctuation force, which
acts on the cells with strong AB, is orientated upwards. By
causing physical gravikinesis, described above, the averaged
fluctuation force can theoretically influence picoplankton to
overcome sedimentation entirely.

2. Model description

Let us consider the movement of a microscopic particle in a
viscous medium under the influence of gravity. The particle
undergoes locomotion force F directed along the axis of
symmetry of the particle (X0). Movement orientation of
the particle randomly changes sharply. It also changes so
as to prevent from encounter with a particle that has been
detected further on the way. Such movement can be
described as:

m€x þ hxðaÞ _x�ðm�mmÞg�FxðtÞ ¼ AxðtÞ; (1)

m€y þ hyðaÞ _y�FyðtÞ ¼ AyðtÞ; (2)

m€z þ hzðaÞ _z�FzðtÞ ¼ AzðtÞ; (3)

m€a þ g _a� FaðtÞ ¼ HaðtÞ; (4)

where x, y, z are coordinates of the mass centrum of the
particle; a is the vector of orientation of spherical angles:
~a ¼ ðax; ay;zÞ; g is gravity centrifugation; m and mm are the
particle mass and the mass of the medium of the same volume
correspondingly; m is the mass moment of the particle; hx(a),
hy(a), hz(a) are friction coefficients of the particle; g is the
moment of friction coefficient; Fx(t), Fy(t), Fz(t) are projec-
tions of the locomotion force F on the coordinate axes; Fa(t)
is the moment of the force, which periodically changes the
orientation of the particle sharply; Ax(t), Ay(t), Az(t) are
projections of fluctuation force on coordinate axes; Ha(t) is
the vector of the moment of fluctuation force.

For the sake of simplicity we can also describe the trans-
lational movement of the particle in an orthogonal coordi-
nate system bounded with the axis (X0), along which the
locomotion force always acts, as:

m€x0 þ hx0 _x
0�ðm�mmÞgx0�F ¼ Ax0 ðtÞ; (5)

m€y0 þ hy0 _y
0�ðm�mmÞgy0 ¼ Ay0 ðtÞ; (6)

m€z0 þ hz0 _z
0�ðm�mmÞgz0 ¼ Az0 ðtÞ; (7)

where x0, y0, z0 are the new coordinates of the particle; gx0 gx0
gx0 are the projections of gravity acceleration on axes X0, Y0,
Z0 correspondingly; hx0, hy0, hz0 are the friction coefficients of
the particle, which moves along the new axes.

Considering the stochastic character of Eqs. (1)—(7) and
the fact that relaxation time of water is shorter than the time
needed for a considerable change in the spatial position of a
microscopic particle, we can neglect sharp changes in x0; _x0

�� ��,
y0; _y0, z0; _z0 during such changing of a; _a; FðtÞ (Sklar, 1993). We
can also neglect changes of the locomotion force considering
that Fj j ¼ const (prokaryotic cells switch their cell motors
periodically). As it has been shown for V. alginolyticus the



Table 1 The dependence of friction anisotropy j of the
picoplanktonic particles with strong AB on the concentration
(C) of the particles without AB.

Concentration
C [cells m�3]

j for the particles
of 10�6 [m]
diameter

j for the particles
of 10�7 [m]
diameter

�1012 �10�2 �10�3.5

�109 �10�3 �10�4.5

�103 �10�5 �10�6.5
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frequency of cell motor switching is no higher than 100 Hz
(Xie et al., 2015). Thus, for the sake of simplicity in the scale
of 10�7 m and 10�9 s _x0ðtÞ, _y0ðtÞ, _z0ðtÞ in Eqs. (5)—(7) can be
considered as:

_x0ðtÞ ¼ D _x0ðtÞ þ _x
0ðtÞ; _y0ðtÞ ¼ D _y0ðtÞ þ _y

0ðtÞ; _z0ðtÞ
¼ D _z0ðtÞ þ _z

0ðtÞ; (8)

hx0 _x
0 ¼ F þ ðm�mmÞgx0 ; hy0 _y

0 ¼ ðm�mmÞgy0 ; hz0 _z
0

¼ ðm�mmÞgz0 ; (9)

D _x0ðtÞ�� �� ¼ Dx0

dx0
; _y0ðtÞ�� �� ¼ _z0ðtÞ�� �� ¼ Dy0;z0

dy0;z0
; (10)

where _x
0
, _y

0
, _z

0
are the averaged velocities of the particles

identically orientated with respect to coordinate axes X, Y, Z
and to the action of cell motors; dx' and dy',z' are the dimen-
sions of the particles along the axes X0 and Y0 or Z0 corre-
spondingly; Dx0 and Dy0,z0 are coefficients of diffusion along the
axis X0 and Y0 or Z0 correspondingly.

Having considered Eqs. (8) and (9), let us transform Eqs.
(5)—(7) in:

m€x0 þ hx0D _x0 ¼ Ax0 ðtÞ; m€y0 þ hy0D _y0

¼ Ay0 ðtÞ; m€z0 þ hz0D _z0 ¼ Az0 ðtÞ: (11)

Eq. (11) permit us to consider the particle in a state of
equilibrium only under the condition:

_x
0���
���< Dx

dx
; _y

0���
���< Dy;z

dy;z
; _z

0���
���< Dy;z

dy;z
; (12)

when _x0ðtÞ, _y0ðtÞ, _z0ðtÞ according to Eqs. (8) and (10) can
change their sign independently from cell motor switching.

2.1. Time reversal transformation. Appearance
of diffusional force

Let us obtain the sum of Eq. (11) for x0 in points t = t and
t = �t; t 6¼ 0, where t is the time during which the particle
does not switch its cell motor and translocates a certain
distance which is not equal to zero. Then let us average this
sum with respect to the ensemble of a multitude of identical
systems as we have already done (Pundyak, 2014). Then, if
the system is in a state of equilibrium, according to the laws
of equipartition and the symmetry of movement under time
reversal transformation, we obtain:

L � Ax0 ¼ 0:5ðh1�h2ÞD _x
0
; (13)

where L is the averaged fluctuation force (let us call L

diffusional force); D _x
0
is the averaged diffusional velocity

of such translocation; h1 and h2 are the averaged friction
coefficients for a particle which moves in the same direction
as the cell motor action and in the direction opposite to the
cell motor action correspondingly. If the particle moves in a
pure viscous medium with a speed not much higher than the
speed of its Brownian motion (with low Reynolds number),
then its h1 always equals h2 and so L = 0 (Happel and Brenner,
1983). But what happens in the case of particles with strong
AB collocated with particles of the same dimension but
without AB? Let us posit that while moving in the same
direction as the cell motor action, the particles with strong
AB do not encounter any other particles (as a consequence of
active escaping them). While moving in the direction oppo-
site to the cell motor action (as a random fluctuation pro-
cess), the particles can encounter only the particles without
AB. In the latter case the rate of impulse losses of the particle
is bigger than in the former case. Therefore, for such a model
a situation may happen when h1 6¼ h2 and so L 6¼ 0.

2.2. Evaluation of friction anisotropy

Let the averaged friction coefficient of a particle with strong
AB, which moves in the direction of its cell motor action (h1) in
consequence of escaping the other particles, be equal to the
friction coefficient of a particle in a pure viscous medium h
0. Let us find the averaged friction coefficient of a particle with
strong AB, which moves in the direction opposite to the cell
motor action (h2). When the concentration of the particles
without AB is relatively small (free volume is much bigger than
common volume of these particles) and the both types of the
particles are elastic, in the case of equipartition of directions
and velocities of their movement, h2 is evaluated as:

h1�h0; h2�h0 þ 2
p
�d�

ffiffiffi
C3

p
�

ffiffiffiffiffiffiffiffi
m�k2

p
; h0 ¼ C �h�d; (14)

where h is viscosity of the medium; C is shape coefficient (for
spherical particles according to Stock's formula C = 3p); d is
the averaged dimension of the particles; C is the concentra-
tion of the particles without AB; k is the stiffness coefficient
of the whole cells. The cell wall of picoplankton is able to
deform by thermal fluctuation of several angstroms approxi-
mately. So, according to the law of equipartition, k is near
10�1 N m�1. The viscosity of seawater within the range of
salinity S = 15—25 g kg�1 and temperature t = 20—308C is of
order 10�3 Pa s (Sharqawy et al., 2010). According to formula
(14), friction anisotropy j may be described as:

j � h2�h1
h2 þ h

� 103�d3=2� ffiffiffi
C

p

1 þ 103�d3=2� ffiffiffi
C

p : (15)

The total concentration of picoplankton can reach 1012

cells m�3 (Denaro et al., 2013). So, the latter limit of con-
centrations can be applied in formula (15). Thus, we can
construct a table, which shows the dependence of the fric-
tion anisotropy j of the picoplanktonic particles with strong
AB on concentrations of the particles without AB (Table 1). As
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the viscosity of seawater tends to decrease when the tem-
perature increases (Sharqawy et al., 2010), then according to
formulas (14) and (15) j is an increasing function of tempera-
ture.

2.3. Evaluation of diffusional force

Let us find D _x
0ðtÞ in formula (13) by averaging the diffusional

velocities of the particle during its direct translocation
throughout the distance that is equal to the particle dimen-
sion (with respect to the ensemble of all identical systems,
which contain only the particles moving since t = 0 till t = t).
This D _x

0ðtÞ is the result of averaging of D _x0ðDx0; Dy0; Dz0; tÞ in
all points of coordinate space Dx0, Dy0, Dz0 accessible to the
particle for the time t. Coordinates Dx0(t), Dy0(t), Dz0(t) of
the particle can be determined as:

Dx0ðtÞ ¼ Dx0ð0Þ þ
Z t

0
D _x0ðtÞdt; y0ðtÞ

¼ Dy0ð0Þ þ
Z t

0
D _y0ðtÞdt; z0ðtÞ

¼ Dz0ð0Þ þ
Z t

0
_z0ðtÞdt; (16)

D _x
0ðDx0; Dy0; Dz0; tÞ ¼ 0 in all points of the coordinate

space excluding the points of averaged trajectory of the
particle. Thus, if the particle volume Vpar is near the whole
volume Vacces(t) accessible to the particle during time inter-
val t, then analogically to Pundyak (2014) we obtain:

D _xðtÞ ¼ Dx

dx
x; xðtÞ� Vpar

VaccesðtÞ : (17)

According to formulas (13) and (17):

L ¼ xðtÞ Dx

2dx
ðh1�h2Þ ¼ xðtÞ kbT

dx0
j: (18)

If the locomotion or buoyant force is so high that according
to Eq. (9) _x

0���
���� Dx=hx, then the condition (12) is invalid.

Thus, in this case the system is not in equilibrium, therefore
formula (18) is invalid and L = 0. Under the condition
_x
0���
���< Dx=hx, the volume accessible to the particle moving

in unbounded fluid, depends on t according to the low of
diffusion, Vacces(0) = 0. Thus, having considered formula (17),
we can calculate x(t) in formula (18):

xðtÞ� dx0d2
y0;z0

ðBx0t0;5 þ dx0 ÞðBy0;z0t0;5 þ dy0;z0 Þ2
;

Bx0 �
ffiffiffiffiffiffi
Dx0

p
; By0 ;z0 �

ffiffiffiffiffiffiffiffiffiffi
Dy0;z0

p
: (19)

When the particle exists for a long time (t ! 1) in
unbounded fluid, then according to formulas (18) and (19)
L = 0. Although there is no report about AB of V. alginolyti-
cus, let us consider our model particles with strong AB as
having parameters of V. alginolyticus, which is well-studied
(Xie et al., 2015). As it has been shown (Xie et al., 2015),
averaged cell velocity of V. alginolyticus is about 5.5 � 10�5

m s�1. Its dimension is about 2 � 10�6 m and its mass is about
10�15 kg. According to (9) F � kbT/d. So, in our model we can
consider the situation when jFj = kbT/d. Then

Fj j þ Gj j � kbT
d

; Fj j� Gj j< kbT
d

; G � ðm�mmÞgx0 ; (20)
where G is buoyant force. According to Eq. (9) and condition

(20) if the particle moves downwards, then _x
0���
���� Dx=hx, and

L = 0, but if the particle moves upwards, then _x
0���
���< Dx=hx,

and L 6¼ 0. Let us posit that after the moving downwards, the
particle starts to move upwards at t = 0. Thus, time t of such
an upward movement can be considered as the time of
the diffusional force acting in formulas (18) and (19). Accord-
ing to formulas (18) and (19) the diffusional force has con-
siderable influence on the particles movement only if the
time of their upward movement is short. The diffusional force
acts only during upward movement of the particle (during

downward movement _x
0���
���> Dx=hx and it equals zero) and

always is directed upwards. In other words, although
the orientation of a living microorganism within the depth
of sea changes unceasingly, the averaged diffusional force is
directed upwards constantly. To evaluate the influence
of the diffusional force on the balancing of the particles
let us average it with the respect to time and to spherical
angle ax:

LðtÞ ¼ xðtÞ kbT
dx

VðamÞj; xðtÞ

¼ 1
t

Z t

0
xdt; VðamÞ � 1

ðamÞ
Z am

0
P

� ðaÞcosðaÞsinðaÞda; (21)

were t is the time of upward movement of the particle; am is
the minimal value of spherical angle ax (mentioned under
Eq. (4) in Section 2) at which inequality (12) is valid; P(a) is
possibility of the particle to move in the direction deter-
mined by the angle ax. Let us consider the case of equal
distribution of movement directions. According to condition
(20) am = p/2. Therefore according to formula (21)
VðamÞ ¼ 1=p. The time scale of ballistic movement of V.
alginolyticus is within 10�1 s (Xie et al., 2015). Therefore
according to formulas (19) and (21) at the room temperature
the quantity xðtÞ is near 1 and depends on temperature
weakly. Cells of V. alginolyticus are of 2 � 10�6 m diameter
(Xie et al., 2015). If the concentration of the particles
without AB equals 1012 cells m�3, which was observed in
natural sea blooms (Denaro et al., 2013), according to Table 1
and formula (21) L�10�17N. Considering that V. alginolyticus
can be denser than water by approximately several percent,
the buoyant force for its cells is near 10�16 N. Thus, for motile
picoplanktonic cells with strong AB collocated with the cells
of similar dimensions without AB there may occur upward
directed diffusional force, which is considerable when com-
pared with buoyant force. As it has been mentioned above
just after the Table 1 (Section 2.2) and clarified in this
paragraph, according to formula (21) the diffusional force
is an increasing function of temperature.

3. Discussion

Latter calculations support our hypothesis that physical
gravikinesis can occur in bacterial plankton. However our
model is also suitable for eukaryotic motile plankton of the
same dimensions. Let us evaluate the possible role of the
diffusional force for marine protists in wide range of sizes by



Table 2 Comparison the diffusional force with buoyant
force for marine motile protists cells of different dimensions.

Organisms Dimension
(d), [m]

Buoyant
force
(B), [N]

Lmax,
[N]

Lmax=B

Microplankton �10�5 �10�13 <10�16 <10�3

�2 � 10�6 �8 � 10�16 <10�15 <1
Picoplankton 	2 � 10�6 	8 � 10�16 >10�15 >1

�10�7 �10�19 �10�14 �105
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calculating theoretically its maximal value according to for-
mula (21), when x ! 1; j ! 1:

Lmax ¼ kbT
p�dx

: (22)

According to formula (22) and considering that plankton
microorganisms are denser by no less than 1% compared to
water, we can construct the following Table 2 for sea motile
microorganisms classed by size.

According to the Table 2 only for picoplanktonic organisms
the diffusional force may have a considerable value in com-
parison with buoyant force. Also, according to the Table 1,
this can be applied to the organisms of 10�7 m dimensions,
even if collocated with not very high (109—108 cells m�3)
concentrations of cells without AB. Thus, we can say, that
picoplanktonic organisms with AB can overcome sedimenta-
tion without any special physiological mechanisms at high,
but only natural, concentrations of collocated cells without
AB. Our model shows clearly the gravity-overcoming possi-
bility of picoplanktonic organisms with the strategy of out-
running predators. In other words, we are dealing with
physical gravikinesis. Thus, we can conclude that, though
poorly studied in the world of motile picoplankton, the
strategy of outrunning predators can also serve as an adapta-
tion to overcome sedimentation. This finding may stimulate
further research in this field.

4. Conclusions

1. While in a state of equilibrium, sedimentation of motile
particles with strong AB, collocated with particles with-
out AB, decreases as a result of friction anisotropy.

2. The sedimentation may be overcome if the particles'
dimensions are about 10�7 m and the concentration of
the particles without AB is equal to or bigger than
108 cells m�3.

3. Outrunning as an antipredator strategy of motile pico-
plankton sea organisms can cause the gravikinesis of a
physical nature.
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Summary Thermohaline structure in the Gulf of Riga (GoR) was investigated by a multi-
platform measurement campaign in summer 2015. Stratification of the water column was mainly
controlled by the temperature while salinity had only a minor contribution. Buoyant salinity
maxima with variable strength were observed in the intermediate layer of the Gulf of Riga. The
salinity maxima were likely formed by a simultaneous upwelling—downwelling event at the two
opposite sides of the Irbe strait. The inflowing salty water did not reach the deeper (> 35 m) parts
of the gulf and, therefore, the near-bottom layer of the gulf remained isolated throughout the
summer. Thus, the lateral water exchange regime in the near bottom layer of the Gulf of Riga is
more complicated than it was thought previously. We suggest that the occurrence of this type of
water exchange resulting in a buoyant inflow and lack of lateral transport into the near-bottom
layers might contribute to the rapid seasonal oxygen decline in the Gulf of Riga.
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Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Available online at www.sciencedirect.com

ScienceDirect

j our na l h omepa g e: www.j ou rn al s . els ev ie r. com/oc ea nol og ia /
Peer review under the responsibility of Institute of Oceanology of the
Polish Academy of Sciences.

* Corresponding author at: Marine Systems Institute, Tallinn Uni-
versity of Technology, Akadeemia Rd. 15A, 12618 Tallinn, Estonia.

E-mail address: taavi.liblik@msi.ttu.ee (T. Liblik).

http://dx.doi.org/10.1016/j.oceano.2016.10.001
0078-3234/# 2016 Institute of Oceanology of the Polish Academy of Sci
access article under the CC BY-NC-ND license (http://creativecommons.
1. Introduction

The water exchange regime of semi-enclosed basins largely
determines their physical and ecological nature. The classi-
cal estuarine circulation scheme in the estuaries with posi-
tive freshwater flux includes an outflow in the upper layer
and inflow in the deep layer (Geyer and MacCready, 2014).
The exact water exchange regime and faith of the inflowing
denser water depends on the size and shape of the estuary as
well as its mouth area (Valle-Levinson, 2010). Nevertheless,
typically the inflowing water is in contact with the bottom of
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Figure 1 Map and topography of the Gulf of Riga. Color scale shows depth [m] of the study area. Lines show tracks of the RV Salme
thermosalinograph surveys in July (darker gray) and August (brighter gray) 2015. Yellow circle represents the location of the moored
profiler (buoy station), and red circles show locations where the coastal sea surface temperature time-series were acquired. Locations
of Conductivity-Temperature-Depth (CTD) measurements at the Irbe Strait and Ruhnu Deep are shown as dark red and orange squares,
respectively. The location of wind measurements at the Sõrve Cape station is shown as a magenta circle. The green box in the inlay map
shows the location of the study area (Gulf of Riga) in the Baltic Sea.
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the estuary. Exceptions might appear for the estuaries, which
are separated from the adjacent sea basin by a sill. If the
deeper layers of the estuary are filled with the saline water
originating from the sporadic inflows, then the quasi-contin-
uous water exchange over the sill involves inflowing water,
which is too light to penetrate to the deepest layers of an
estuary. Such regime can be found for several fjords (e.g.
Belzile et al., 2016) and the Baltic Sea (Feistel et al., 2004).
In the present study, we show that such water exchange
regime can seasonally occur in a relatively large but shallow
brackish estuary, the Gulf of Riga (GoR) as well.

The Gulf of Riga is a sub-basin of the eastern Baltic Sea.
The gulf covers the area of 17 900 km2, and its mean depth is
26 m. The deepest (> 50 m) area is in the central part of the
gulf (Fig. 1). The gulf is connected to the Baltic Sea via two
straits: the Irbe Strait in the west with the sill depth of 25 m,
width of 28 km and cross-section of 0.4 km2 and the Suur
Strait in the north with the sill depth of 5 m, width of 6 km
and cross-section of 0.04 km2.

The water and salt budgets of the gulf are formed by the
two sources: the saltier water from the open Baltic Sea
(Baltic Proper) and the freshwater from the rivers and due
to precipitation (e.g. Raudsepp, 2001; Skudra and Lips,
2016). The water from the open Baltic flows to the deep
layer of the GoR (Laanearu et al., 2000) while the riverine
water occupies the upper layer. Thus there is a vertical
salinity gradient present in the GoR (Skudra and Lips,
2016). The average river run-off to the gulf has been esti-
mated approximately as 1000 m3 s�1 (Berzinsh, 1995) while
the average net precipitation to the gulf is about 80 m3 s�1

(Omstedt and Axell, 2003). The 86% of the river run-off is
discharged into the southern part of the gulf (Fig. 1, “Main
rivers”) from the Daugava, Lielupe and Gauja rivers
(Berzinsh, 1995). This river discharge, in combination with
the water exchange through the two straits in the northern
part of the gulf, forms the latitudinal salinity gradient (e.g.
Stipa et al., 1999). Due to the strong inter-annual variability
and seasonality of the river run-off, salinity in the gulf varies
remarkably at the same time-scales (e.g. Raudsepp, 2001;
Skudra and Lips, 2016; Stipa et al., 1999). Due to the shal-
lowness of the Irbe and Suur Strait, water from beneath the
permanent halocline of the Baltic Sea (e.g. Reissmann et al.,
2009) cannot penetrate into the GoR. There are strong
salinity fronts at both straits, which change their position
influenced by the wind forcing and sea level differences
between the basins (Astok et al., 1999; Lilover et al., 1998).

The heat budget of the gulf (like the whole Baltic) is driven
by the fluxes through the sea surface. The gulf is stratified
during summers when the temperature exceeds 188C in the
upper mixed layer (Skudra and Lips, 2016). In autumn—
winter, the water column is mixed down to the bottom
due to the thermal convection. Further, temperature falls
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below the temperature of maximum density (Raudsepp,
2001; Stipa et al., 1999), and the gulf is at least partly
covered by ice (Seinä and Palosuo, 1996) during winters.

The available modeling studies have shown that the heat
exchange with the atmosphere and the heat content of the
water column can be estimated relatively well in the Baltic
(e.g. Westerlund and Tuomi, 2016). However, to simulate
correct salinity distributions (both, vertical and lateral) and
estimate salt fluxes between the basins and between differ-
ent layers using numerical models is much more complicated
(Lips et al., 2016b; Omstedt et al., 2014). This difficulty
might show that the internal processes responsible for trans-
port and mixing are described not precisely enough in such
stratified, but relatively shallow basins. In the present study,
we analyze the observed salinity distributions and vertical
structures and relate them to the forcing.

Oxygen consumption under conditions of developed ver-
tical stratification in summer could result in poor oxygen
conditions in the near-bottom layer of deep central areas of
the gulf (Aigars et al., 2015; Eglite et al., 2014). It has been
argued based on the analysis of seasonal dynamics of envir-
onmental parameters and biomarkers for instance that the
clam Macoma balthica could be stressed in late summer due
to lower oxygen levels in August in the near-bottom layer of
the Gulf of Riga (Barda et al., 2013). Furthermore, hypoxia at
the water-sediment interface alters the phosphorus flux
between the water column and sediments as well as nitrogen
removal due to denitrification (Yurkovskis, 2004). Due to the
sediment release of phosphorus in hypoxic conditions, the
main pathway of phosphorus removal from the gulf is its
relatively slow export to the Baltic Proper (Müller-Karulis and
Aigars, 2011). Thus, reoccurrence of such poor oxygen con-
ditions and benthic nutrient release could counteract
decreases in the external nutrient load to the gulf similarly
to the deeper Baltic basins including the Gulf of Finland
(Pitkänen et al., 2001).

The main aim of the present study is to present the high-
resolution view on the stratification development in the Gulf
of Riga. Available investigations include the data only from
episodic ship surveys (Stipa et al., 1999) or are concentrated
on the long-term changes in the gulf (Raudsepp, 2001; Skudra
and Lips, 2016). Studies in other basins of the Baltic have
shown that implementing a new type of in situ platforms,
such as moored vertical profilers (Lips et al., 2016a), Argo
floats (Purokoski et al., 2013; Westerlund and Tuomi, 2016) or
underwater gliders (Alenius et al., 2014; Karstensen et al.,
2014), can improve the understanding of thermohaline pro-
cesses. High-resolution continuous temperature—salinity
measurements have not been conducted so far in the Gulf
of Riga. To fill this gap, an autonomous profiler was deployed
in the northwestern part of the gulf from May to September
2015.

2. Material and methods

2.1. Data

The dataset analyzed in the present study was collected from
May to September 2015. Altogether 202 temperature and
salinity profiles were collected by an autonomous vertical
profiler equipped with OS316plus CTD (Conductivity,
Temperature, Depth) probe (Idronaut S.r.l.). The profiler
has been successfully applied in the Gulf of Finland for
several years now (Lips et al., 2016a). The profiler was set
to collect measurements in a depth range from 2 to 37 m
twice a day. Initial vertical resolution of measurements was
0.1 m, but after the preliminary data processing, the profiles
were stored for analysis purposes with a vertical resolution of
0.5 m. The CTD probe was calibrated by manufacturer right
before the deployment, and the data quality was checked
against shipborne CTD profiles several times during the study.

The shipborne CTD and dissolved oxygen data (OS320plus
CTD, Idronaut S.r.l.) together with the thermosalinograph
(SBE45 MicroTSG, Sea-Bird Electronics; included in the flow-
through system) data were used to study the spatial thermo-
haline fields in the area (Section 3.2). The salinity data was
checked against the water sample analyses using a salin-
ometer 8410A Portasal (Guildline). The oxygen sensor was
calibrated before each survey and was checked against water
sample analyses using an OX 4000 L DO meter (WWR Inter-
national, LLC).

The long-term CTD dataset 1993—2012 compiled by
Skudra and Lips (2016), collected under Estonian and Latvian
national monitoring programs, was extended to 2015. This
dataset together with HELCOM data (http://ocean.ices.dk/
helcom, 25 February 2016) was used to evaluate the
occurrence of the sub-surface salinity maxima in the past
(Section 3.3).

Coastal temperature measurements at Ruhnu, Hääde-
meeste, and Roomassaare, provided by the Estonian Envir-
onmental Agency, were included in data analysis. Likewise,
the level 3 SST (sea surface temperature) product over
European Seas by Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu/) was used as back-
ground information. Wind measurements at the Sõrve station
were obtained from the Estonian Environmental Agency. The
wind speed and direction, measured at 10 m height, were
available every third hour as a 10 min average.

2.2. Calculations

The upper mixed layer (UML) depth was defined as the
minimum depth where the criterion rz � r3 + 0.15 kg m�3

was satisfied (rz is density at depth z, and r3 is density at
3-m depth).

Relative contributions of temperature (STT) and salinity
(STS) to the vertical stability of the water column were
estimated as:

STT ¼ a
dT
dZ

r; (1)

STS ¼ b
dS
dZ

r; (2)

where a is the thermal expansion coefficient, b is the saline
contraction coefficient, r is the water density; dT/dZ and dS/
dZ are the temperature and salinity gradients over the
vertical distance dZ. Temperature and salinity profiles were
both smoothed by 2.5 m window before the stability
and intrusion index calculations. Stability (ST) of the water
column was acquired by summation of STT and STS. Total

http://ocean.ices.dk/helcom
http://ocean.ices.dk/helcom
http://marine.copernicus.eu/
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(contribution to) stability of the water column was calculated
as vertically integrated STT, STS and ST. Likewise, the total
contribution to the stability of the UML was calculated as
vertically integrated STT, STS, and ST within the depth range
of the UML.

In order to estimate the intensity of interleaving the
intrusion index as the sum of negative salinity gradients
[g kg�1 m�1] was calculated same as by Lips et al. (2016a):

I ¼
XZ¼h2

Z¼h1

0; if
dS
dZ

� 0

abs
dS
dZ

� �
; if

dS
dZ

< 0
; (3)

where I is the intrusion index, h1 and h2 are the borders of the
depth interval where the index was calculated. It means if
salinity increases downwards throughout a profile, the index
is zero. Contrary, if there is a strong sub-surface salinity
maximum, the index has a higher value.

The apparent oxygen utilization (AOU) was used to show
the difference between measured dissolved oxygen content
and saturation level:

AOU ¼ DO100�DOM; (4)

where DO100 is oxygen concentration at saturation level
(Weiss, 1970), and DOM is the measured oxygen concentra-
tion.

Salinity values are given as Absolute Salinity [g kg�1],
density as potential density anomaly to a reference pressure
of 0 dbar [s0; kg m�3] and the unit of oxygen values is mg L�1

in the present paper. Density values in Section 3.3 are pre-
sented as arithmetic averages at 0—5 m and 32—38 m depth
ranges in the Baltic Proper and in the Gulf of Riga, respec-
tively.

3. Results

3.1. Temperature, salinity, density and
stratification time-series at mooring station

3.1.1. General description
Water column structure was determined by the seasonal
thermocline at the beginning of the study period (Fig. 2).
Temperature decreased almost linearly from the base of the
upper layer (9.3—10.08C) at 15—20 m depth to the near-
bottom layer (4.3—5.58C). Vertical distribution of salinity
was relatively even and ranged between 5.9 and 6.0 g kg�1.
Temporal development of the vertical thermohaline struc-
ture was characterized by a seasonal increase in temperature
due to the atmospheric heat flux and a slight decrease in
salinity in the upper layer in June. By the end of June,
temperature (salinity) gradient from the upper layer to
the near bottom (old winter water) layer was from 15.6 to
5.88C and from 5.8 g kg�1 to 6.0 g kg�1, respectively.

Advection of fresher water was observed at the buoy
location in the upper 25 m in the first week of July. Salinity
values below 5.4 g kg�1 were registered. At the same time,
water temperature increased in the upper layer, which,
however, cannot be related to the advection. First, the
temperature maxima and salinity minima did not match
exactly in time. Secondly, a simultaneous temperature
increase and decrease after that were registered at all
coastal stations around the gulf, which implies that the
atmospheric heat flux was responsible for this temperature
change.

Further developments in July included a general increase
in the upper layer temperature and intermittent appear-
ances of fresher and saltier patches in the sub-surface layer
at the depth range from 14 to 24 m. Less saline water in the
upper layer and thick sub-surface intrusion of saltier water
after that were observed at the end of July. Upper layer
temperature reached its seasonal maximum of 20.48C in mid-
August. Upper layer salinity varied around 5.5 g kg�1 in the
first half of August and was close to 5.7 g kg�1 in the second
half of the month.

Vertical structure in September was characterized by
heat loss to the atmosphere and by advection of fresher
water to the buoy location. A temperature and salinity
decrease in the upper layer, as well as thickening of the
mixed layer, were observed during that period. Thus, it was
the advection of fresher water that dominated over the
vertical transport of salt in the upper layer salt flux. Inter-
estingly, temperatures below 4.58C were occasionally regis-
tered at the deepest measured horizon of 37 m even in
September.

3.1.2. Stratification
Time series of the water column stability are presented in
Fig. 3a. The higher (red) values mark the location of the
pycnocline while the dark blue color indicates that water is
vertically homogeneous. The seasonal thermocline was the
main contributor to the stability of the water column
(Fig. 3b). There were only a few occasions when the tem-
perature gradients had an opposite effect and caused weak-
ening of the vertical stratification.

Negative stability values due to the vertical salinity
gradient occurred in July and August, and they were espe-
cially strong in the second half of July (Fig. 3c). Those layers
were located in the thermocline and were compensated by
the vertical temperature gradient. It has to be noted that
the layer with inverse salinity gradient was always sur-
rounded by the layers above and below it where the salinity
was increasing with the depth (Fig. 3c). The explanation for
such salinity derived stability distribution was the existence
of sub-surface buoyant saltier water intrusion. Starting from
the sea surface, the following gradients/layers were asso-
ciated with the salinity maxima and could be distinguished:
(1) layer with positive salinity gradient from the ambient
water in the thermocline to the core of maxima layer (red
color); (2) values close to zero that show the location of the
core (white color); (3) layer with negative salinity gradient
between the core and ambient deep layer water (blue
color); (4) values close to zero that show the point (range)
where salt intrusion water merged with the ambient water
(white color); (5) positive salinity gradient in deep water
(red color).

The integrated stability over the water column (Fig. 3d)
showed that the thermal buoyancy dominated while salinity
had a minor importance in the strength of stratification at the
buoy location. The minor role of salinity can be at least partly
related to the fact that the highest salinity (intrusion) was
located in the intermediate layer and not in the bottom layer.
The salty water near the bottom would have increased the
stability over the water column.



Figure 2 Time series of temperature [8C], salinity [g kg�1] and density anomaly [kg m�3] at the buoy station from 30 May 2015 to
18 September 2015. Black line in the bottom panel is the upper mixed layer (UML) depth. The location of the mooring is shown as yellow
circle in Fig. 1.
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The UML depth ranged from a few meters to 35 m during
the study period (Fig. 2c). The UML was mostly stabilized by
the temperature while salinity had occasionally (at the
beginning of July) an opposite effect (Fig. 3e). Salinity and
temperature had a similar contribution to the stability at the
beginning of August.

Time-series of intrusion index (Fig. 3f) show relatively
low values (<0.05) until the beginning of July. It is note-
worthy that intrusion index values differed from zero, most
probably, due to the observed sub-surface freshwater
patches (Fig. 2b). Occasional peaks of intrusion index up
to 0.1 were observed until the beginning of September. The
highest values exceeded 0.2 and occurred in the second half
of July.

3.1.3. Salinity fluctuations
The period with highest intrusion peaks is below described in
more detail. It is noteworthy that immediately before the
appearance of saltwater patches a clear signature of fresher
water was registered at the 15—20 m depth (Fig. 4,
19 Jul 12:00). The core of this fresher layer had the salinity
of 5.55—5.60 g kg�1, and it lied in between the upper layer
with the salinity of 5.75—5.80 g kg�1 and deep layer with the
salinity of 5.95 g kg�1.



Figure 3 Temporal development of the following vertical stratification parameters at the buoy station from 30 May to 18 September
2015: stability (a; [kg m�3 m�1]) and contribution of temperature (b) and salinity (c) to stability; integrated stability parameters
[kg m�3] for the whole water column (d) and for the upper layer (e); intrusion index (f).
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Next, the saltier water (5.80 g kg�1) appeared in the
upper layer and rapidly (within our profiling interval of
12 h) the fresher water in the sub-surface layer was replaced
by the salinity maximum (Fig. 4, 20 Jul 00:00). The saltier
sub-surface layer was located in the depth range of 11—25 m
and its core with the salinity of 6.45 g kg�1 was located at
17 m depth. The temperature of the core was 14.558C while
3.5 m above the core it was 13.758C. Thus, the salinity
gradient above the core neutralized the negative buoyancy
due to the vertical temperature distribution. It was opposite
below the core: strong thermocline stabilized the water
column despite the negative salinity gradient. The sub-sur-
face salinity maximum disappeared on 22 July. Fresher sub-
surface water was observed from 23 July to 28 July while
salinity in the upper layer decreased from 5.80 to
5.55 g kg�1. The saltier water reappeared in the sub-surface
layer on 29 July (Fig. 4 29 July 12:00). The core of the sub-
surface layer was located at 22 m depth and had salinity and



Figure 4 Selected profiles of temperature ([8C]; a) and salinity ([g kg�1]; b) and respective temperature—salinity diagram with
density anomaly ([kg m�3]; c) as contour lines in profiling station (the location is shown as a yellow circle in Fig. 1).
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temperature of 6.30 g kg�1 and 17.158C, respectively. The
core was only slightly (0.158C) warmer than the layer above.
That temperature change had a minor contribution to the
vertical stratification as salinity increased from 5.70 g kg�1

to 6.30 g kg�1 in the same depth range. The sub-surface
salinity maximum, though much weaker, was observable until
the end of August.

3.2. Origin of the salt intrusion

The observed saltier water could potentially penetrate to the
GoR from the Baltic Proper via either the Irbe Strait or Suur
Strait. The core of the observed salt maxima layer had the
salinity of 6.45, 6.30 g kg�1 and temperature of 14.558C,
16.408C on 20 July and 29 July, respectively. We can expect
that if the source water has been modified, then it occurred
because of mixing of it with the GoR ambient waters. The
temperature—salinity curves (TS-curves) of the sub-surface
salinity maxima cores indicate that this saltier water was
slightly warmer than the surrounding GoR waters. Thus, if the
observed core has been a subject of mixing, the source water
of the salt maxima layers must have been saltier and slightly
warmer than the observed core at the buoy station. Unfortu-
nately, there were no continuous measurements available in
the straits. Thus, we were not able to capture the entering
process of the saltier waters directly. However, we collected
some shipborne CTD profiles in the Irbe Strait area (Fig. 5).
The other data source was made available by the thermo-
salinograph that autonomously recorded temperature and
salinity of the water pumped from 2 m depth during the
surveys on board RV SALME. The two surveys that were
included in the analysis were conducted on 14—15 July and
7—9 August.

The first survey was conducted through the central part of
the Irbe Strait on 14—15 July while the vessel visited more the
southern part during the second survey; though, one station
in the central part was sampled as well. During the second
survey, the area was visited twice: the first passage on 7—8
August and the second passage on 9 August.

During the both surveys, a strong salinity front was found
in the upper layer in the Irbe Strait area. The front was
captured near the longitude of 228E by the survey on 14—15
July (Fig. 5). Salinity values below 6.20 g kg�1 were observed
toward east from the longitude of 228E. The front was located
further in the east on 7—9 August. However, due to different
tracks of the two surveys (the latter was conducted along the
southern coast) we cannot confirm, whether it was a spatial
feature or temporal displacement of the front.

The most remarkable feature in the upper layer tempera-
ture dynamics was the colder water observed in the strait on
14—15 July survey. The temperature of the upper layer was
around or exceeding 178C in the Baltic Proper and the gulf,
but below 138C inside of this cold feature (Fig. 5). Since the
Irbe Strait is a topographic barrier between the open Baltic
and the gulf, upwellings in both basins can potentially bring
cold water to the upper layer in the Irbe area. Strong SW
winds (>10 m s�1) occurred during the period from 5 to
10 July, i.e. favorable forcing for an upwelling in the GoR
along the coast of the Saaremaa Island. Weaker winds from
NW, i.e. from the favorable direction for the upwelling along
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the Latvian coast in the Baltic Proper, prevailed from 11 to
15 July (Fig. 6). The satellite-derived sea surface tempera-
ture, as well as temperature measurements at the coastal
stations and by the onboard thermosalinograph, indicated
that the upwelling occurred in the NW part of the GoR in mid-
July (Fig. 7). Since salinity in the whole water column was
higher in the Baltic Proper than in the core of the upwelled
cold water in the Irbe Strait (6.15 g kg�1), this upwelled
water cannot be a pure Baltic Proper water. On the other
hand, the upwelled water was saltier than the GoR water.
Thus, the upwelled water might be a mixture of waters from
the both basins.

The only available profile in the Irbe Strait on 14—15 July
was acquired eastward from the core of the upwelling
(Fig. 5a). The profile revealed three layers: upper layer
(15.008C and 5.90 g kg�1), deep layer (4.708C and
5.95 g kg�1) and salt maxima layer (12.158C and 6.35 g kg�1)
between the former two (Fig. 8). The temperature profile, as
Figure 5 Temperature ([8C]; a, b) and salinity ([g kg�1]; c, d) at 2 m
14—15 July (a, c) and 7—9 August (b, d). On vertical color bar sea 
well as the satellite-derived sea surface temperature,
showed that the station was in the upwelling zone but not
in its coldest core area. Relatively low salinity of the upper
layer (upwelled water) and deep layer at the station
indicated that those waters originated from the gulf.
The salt maxima layer at the station and coldest water
in the upper layer observed by the thermosalinograph were
similar. Though, the salt maxima water was slightly colder
and saltier than in the upwelled water at the CTD station.
Thus, the observed salt maxima layer water was likely
mixed with warmer and fresher surface water before
upwelled to the surface as registered by the thermosali-
nograph (Fig. 8).

The structure of the salt maximum was similar to the one
observed at the buoy station, which suggests that the salt
impulse entered the gulf likely via the Irbe Strait. The salt
maxima at the thermocline were much saltier than the water
below and above and the water in those layers was slightly
 depth acquired by the thermosalinograph on board RV SALME on
depths [m] are shown.



Figure 5 (Continued ).
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warmer than in the thermocline above. The latter indicates
that the salt maxima water originates from the warmer layer
above.

The similar structure of salt intrusion was found in the
central part of the Irbe Strait on 9 August (Fig. 8). At the same
time, high saline >6.7 g kg�1 and warm water was observed
in the upper layer in the southern part of the strait
(Figs. 5 and 8). TS-curves suggest that the salt maxima layer
observed in the central part of the strait was a mixture of this
high saline warm water and thermocline water of the GoR.
The possible mechanism that can penetrate the warm and
high saline water deeper is downwelling along the southern
coast of the Irbe Strait. Indeed, SW wind that generates
upwelling along the shore of the Saaremaa Island also causes
downwelling along the southern coast of the strait. Moreover,
the SW wind likely creates a coastal boundary current
along the eastern coast of the Baltic Proper. It can be seen
that at the station marked in green in Fig. 8, this warm, salty
water has pushed over the fresher water. Thus, it likely
caused some vertical mixing there as well.
In an upwelling cell along a boundary, the upwelled water
is typically compensated by an onshore flow in the deeper
layer. In the present case, upwelling occurred in the strait,
which is relatively narrow and shallow. Thus, simultaneously
with the upwelling, a downwelling occurred along the oppo-
site coast, and the downwelled waters (originated from the
Baltic Proper) rather fast reached the seabed. We suggest
that the upwelled water was (at least partly) compensated by
this warm and saltier downwelling water in the Irbe Strait.
This hypothesis is supported by the TS-curves: one source
water for the salt maxima layer observed in the central strait
on 9 August (blue curve in Fig. 8) had almost the same TS-
characteristics as the warm and saltier water in the southern
part of the Irbe Strait (magenta and green curves in Fig. 8).
Moreover, the same suggestion can be made on the basis of
AOU vs. S curves (Fig. 8). This saltier and warm water was
formed in the Irbe Strait and later spread to the gulf as
upwelling—downwelling system relaxed.

Measurements at the coastal stations and buoy station
reveal the temporal development of the upper layer



Figure 6 Wind vectors at the Sõrve meteorological station in
2015. The location of the station is shown in Fig. 1 as a magenta
circle.
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temperature in different parts of the gulf. There were
several synoptic events of cooling (at the beginning of
August) and warming (at the beginning of July) that simul-
taneously occurred at all stations (Fig. 9). Those were
atmospheric heat flux events. The seasonal temperature
increase at Ruhnu and, especially, at the buoy lagged the
other two stations until the end of June. This delay was
related to the slower warming of the open gulf waters
Figure 7 Satellite-derived sea surface temperature; upper layer
salinograph, at the buoy station and selected coastal stations on 15
comparing to the shallow coastal waters. The same ten-
dency was in September, but this time, the slower cooling in
the open sea resulted in a higher temperature at the buoy
station than at the coastal stations. One can note that the
lowest temperatures mostly occurred at Roomassaare in
mid-July during a period of two weeks. Upwelling along
the north-western coast of the gulf prevailed during this
period. The Roomassaare station is not the best location to
catch the upwelling in the Irbe Strait but as satellite derived
sea surface temperature showed (Fig. 7), at least in some
cases, upwelling events occurred in the Irbe Strait and at
Roomassaare at the same time. Moreover, the period of
upwelling coincided with the period of strongest salt max-
ima observed at the buoy station (intrusion index in Fig. 3f).
This coincidence supports the suggestion that the salt
pulses entered the gulf during the simultaneous upwelling
in the northwestern gulf (along the shore of the Saaremaa
Island) and downwelling along the southern coast of the
Irbe Strait.

3.3. Earlier observations

In the previous subchapter, we suggested that the sub-surface
saltwater maxima originated from the upper layer of the
Baltic Proper and likely entered the gulf via the Irbe Strait.
The pre-condition for the sub-surface buoyant salt maxima
establishment is a specific density range of the saltwater. The
inflowing salty water (or a product of its mixing with the
ambient Gulf of Riga water) should be lighter than the deep
layer water and denser than the upper layer water in the gulf.
The upper layer density (presented as potential density anom-
aly s0) in the Baltic Proper in January—April is in a range of
5.5—6.0 kg m�3 (Fig. 10). Water cools down to the tempera-
ture of maximum density (2.6—2.78C) every winter in the
Gulf of Riga. Salinity over 6.9 g kg�1 (at the temperature of
 temperature registered along the RV SALME track by thermo-
 July 2015.



Figure 8 Temperature—salinity (TS) and apparent oxygen utilization (AOU) vs. salinity curves on 14—15 July and 7—9 August. TS-
curves along the vessel track acquired by the Salmebox (a, b) and at selected Conductivity-Temperature-Depth (CTD) stations during
the two analyzed surveys. Thermosalinograph tracks and locations of CTD stations are shown in Fig. 5 (station dots on the map have
same colors as TS dots here). Color bars in the uppermost panel show the longitude.
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2.6—2.78C) would be necessary to reach the density of
5.5 kg m�3. Salinity in the deepest layers of the gulf does
not typically exceed 6.5 g kg�1 (Raudsepp, 2001). As shown in
Fig. 10a, average density anomaly at the 32—38 m depth in
Figure 9 Upper layer water temperature at various locations
in the Gulf of Riga. Coastal stations are shown as bright red
circles and buoy location as a yellow circle in Fig. 1.
the Gulf of Riga is mostly below 5 kg m�3. Thus, if the Baltic
Proper water enters the Gulf of Riga in January—April, it must
dive to the near-bottom layer of the gulf and sub-surface
maxima as such cannot exist during winters.

As soon as the surface water in the Baltic Proper gets
lighter due to the seasonal warming in June, the formation of
sub-surface salinity maxima is feasible. In autumn, convec-
tion and wind stirring mix the denser deeper layer water and
lighter upper layer water thoroughly. As a result, the deep
layer temperature increases while salinity and density
decrease. Therefore, sub-surface salinity maxima formation
in October—November is not feasible anymore, and the dense
Baltic Proper water flows to the near-bottom layer of the
gulf. The upper layer water in the Baltic Proper tends to be
lighter than water in the Gulf of Riga at 32—38 m depth during
the timeframe from mid-July to the beginning of September
(Fig. 10a). Thus, if the Baltic Proper water flows into the gulf
during that time, it likely does not reach the bottom layers of
the gulf and rather forms buoyant salt maxima. The temporal
variability of the intrusion index, calculated based on the
available full-resolution (0.5 m) CTD casts from the years
1993—2014, confirms latter and shows that the saltwater
intrusions have been observed from mid-July to mid-Septem-
ber (Fig. 10b).

Comparison of the upper layer density in the Baltic Proper
and the Gulf of Riga shows that latter water is always lighter.
Even during the autumn-winter cooling period, when the



Figure 10 (a) Annual cycle of average potential density anomalies (s0; [kg m�3]) in the 0—5 m layer of the Baltic Proper (1979—2014)
and at the 32—38 m depth in the Gulf of Riga. (b) Intrusion index in the Gulf of Riga at �35 m deep stations (1993—2015); only high-
resolution profiles were included. The blue box indicates the location of the analyzed profiles from the Baltic Proper. In the Gulf of Riga,
all available deep enough measurements were included.
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temperature in the Gulf of Riga drops faster than in the Baltic
Proper, latter has still heavier upper layer water. This density
difference shows that the water coming from the Baltic
Proper cannot lie above the Gulf of Riga water.

In conclusion, we suggest that two types of Baltic Proper
inflow regimes exist in the gulf. The near-bottom layer salt
wedge regime is the only inflow pattern from October to
May/June. In summer, from June/July to September, the
regime leading to the formation of the buoyant salt intru-
sion (or saltier water patches) if the inflowing water ori-
ginates from the upper layer or the regime resulting in
the near-bottom salt wedge if the inflowing water origi-
nates from the layer beneath the seasonal thermocline can
occur.

4. Discussion

The year 2015 was special for the Baltic Sea in two senses.
First, strong barotropic Major Baltic Inflow (Matthäus et al.,
2008) occurred in December 2014 (Mohrholz et al., 2015).
Secondly, the winter 2014/2015 was exceptionally mild in the
Baltic Sea area, and the Gulf of Riga was almost ice-free in
winter (Uotila et al., 2015). However, we do not expect that
these two events had a major impact on the thermohaline
state of the gulf in summer 2015. It takes years to see the
impact of a Major Inflow in the upper layer of the Baltic
Proper (Reissmann et al., 2009), which is a salty water source
for the Gulf of Riga. Despite an exceptionally warm winter,
the gulf was ventilated down to the bottom layer in the
deepest part of the gulf in the Ruhnu Deep (Fig. 11). The mild
winter might have an impact on the river discharge (Apsite
et al., 2013) and, thereby, to the salinity of the gulf though
(Raudsepp, 2001).

High-resolution profiling showed that stratification of the
water column during the study period was mainly controlled
by the temperature while salinity had only a minor impact.
Likewise, the stability of the upper mixed layer was mostly
controlled by the temperature. Nevertheless, the vertical
stratification in spring is mostly created by the freshwater
fluxes, at least in the southern part of the Gulf as suggested
by Stipa et al. (1999). It is worth to perform high-resolution
profiling in spring, to observe the development of stratifica-
tion.

Distinctive sub-surface salt maxima were observed in the
thermocline in July and August 2015. Due to the lack of data,
spatial view on the salt maxima is quite limited. Anyhow, all
three available CTD profiles (not shown here) from July to
August registered in the Ruhnu Deep revealed the occurrence
of salt maxima there. Thus, the maxima can reach the central
or southern part of the gulf. It can be expected that the
patches of sub-surface salt maxima only occasionally reached
or passed the profiling station. In other words, the rapid
disappearance of maxima layer observed at the buoy station
was not a result of vertical mixing.



Figure 11 Dissolved oxygen content (a) and apparent oxygen utilization (AOU, b) profiles in the Ruhnu Deep stations in 2015. The
location of stations is shown as orange circles in Fig. 1.
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Likely, the salt maxima are intrusions of waters of differ-
ent origin, e.g. as has been observed in the halocline of the
Bornholm Basin in the vertical temperature distribution (e.g.
Mohrholz et al., 2006). The only evidence of similar salt
maxima in the GoR has been reported and measured earlier
at two stations in the eastern part of the Irbe Strait by Stipa
et al. (1999) on 29 August—1 September 1993. This observa-
tional evidence supports our suggestion that the patches of
salt maxima enter the gulf via the Irbe Strait.

Episodic current measurements have revealed that the
flow regime in the Irbe Strait is two-layered with an inflow in
the deeper layer near the southern coast and an outflow
along the northern coast (Lilover et al., 1998; Talpsepp,
2005). SW winds evoke upwelling in the Gulf of Riga side
of the Irbe Strait along the Saaremaa Island and downwelling
along the southern coast of the Irbe Strait. The upwelled Gulf
of Riga water is replaced by the waters from the deeper
layers of the Irbe Strait, which can be partly the salty and
warm downwelling waters. The downwelling water mixes
with the ambient Gulf of Riga sub-surface water and the
outcome is the sub-surface salt maxima layer. The similar
suggestion was drawn by Stipa et al. (1999) as well: down-
welling depresses the seasonal pycnocline on the Baltic
Proper side of the strait and creates a baroclinic pressure
gradient along the strait, which might drive the Baltic Sea
surface water, instead of the water below the seasonal
pycnocline, into the Gulf of Riga. Stipa et al. (1999) sug-
gested that downwelling occurred in the Baltic Proper along
the Latvian coast in 1993 when they registered the salinity
maxima in the area. The CTD-stations located closely to each
other are to be sampled to check if only the baroclinic
pressure gradient is needed (Stipa et al., 1999) for the
maxima layer generation, or also the cross-strait downwel-
ling as we suggested in the present study plays a significant
role here.

The salt maxima-favorable coupled upwelling—downwel-
ling situation is evoked by SW winds. Comparison of wind
conditions in July—August 2015 with the climatic averages (in
July—August 1966—2015) shows that summer 2015 was not a
very special year. The favorable SW winds (sector 180—2708
was taken into account) occurred 39% of the time in July—
August while the climatic occurrence of the wind from
the same direction in July—August has been 41%. Likewise,
the occurrence of strong SW winds (if only the winds with the
speed of >5 m s�1 or >10 m s�1) in 2015 was close to climatic
average.

The sub-surface salt maxima formation via the Suur Strait
cannot be excluded. However Väinameri Archipelago is very
shallow (mean depth 5 m) and large area between the open
Baltic and GoR. Distance from 20 m isobath in the Baltic
Proper through Väinameri to 20 m isobath in the GoR is ca
100 km. Thus, only very strong and long-lasting northerly
wind impulse (Otsmann et al., 2001) could cause transport of
saltier water via Väinameri Archipelago to the deeper parts
of the Gulf of Riga. Temperature—salinity profiles during/
after a northerly wind impulse are needed to check the
possibility of this pathway.

The existence of fresher sub-surface waters found at the
buoy station has also been predicted by numerical modeling
(Lips et al., 2016c) in the western part of the gulf as a result
of convergence between the low-salinity riverine waters
transported from the southern part and waters from the
Baltic Proper. The low salinity waters from the southern part
of the Gulf of Riga can be transported as far as the buoy
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station in the present study and even further to the north due
to the prevailing whole-basin anticyclonic gyre with
enhanced intensity of currents in the western part of the
gulf during the summer period (Lips et al., 2016b).

Buoyant intrusions of inflowing waters are well-known
features in the Western Baltic Sea. It is the water that has
flown through the Danish Straits to the Baltic and which is not
dense (light) enough to reach the bottom layers (to stay in the
surface layer) of the Baltic. Buoyant temperature maxima
form at the depths of the halocline in the Western Baltic if the
baroclinic inflows occur during summer (e.g. Feistel et al.,
2004). Note that in the Western Baltic case, the halocline
(vertical salinity distribution) stabilizes the water column at
the depth range of the temperature maxima while, in the
Gulf of Riga case, it is the thermocline (temperature), which
compensates the effect of the salinity decrease with the
depth. Since the maxima formation is sensible to wind for-
cing, one might expect that the salt and water balance in the
gulf will be impacted by the suggested wind regime changes
in the future (Christensen et al., 2015).

Such buoyant inflow regime could be found in many semi-
enclosed basins where a sill restricts the water exchange with
the open sea with higher salinity/density. Currently, such
regime is well known only in fjords (e.g. Belzile et al., 2016).
In summer when the seasonal thermocline is present, certain
forcing conditions could cause deepening of the upper mixed
layer and the inflowing water originating from the surface (or
thermocline) layer forms a buoyant salinity maximum in a
basin.

The comparison of historical density data in the Gulf of
Riga and Baltic Proper showed that the salt water maxima
formation is feasible from June to September. Otherwise (in
October—May), the Baltic Proper water dives to the near-
bottom layer of the gulf and such intrusions do not appear.
The seasonality in the water exchange regime was confirmed
by an analysis of intrusion index: higher values have occurred
from May to September. Thus, likely the maxima layer is a
common feature of the gulf in summer and has not been
noticed earlier (except at two stations by Stipa et al., 1999 in
the Irbe Strait) due to very sparse data, which have been
available.

The salinity measurements together with current mea-
surements and high-resolution modeling are needed to esti-
mate the role of sub-surface salinity maxima in the salt
balance of the gulf. We checked the outputs of the existing
operational models HIROMB-EST (Lagemaa, 2012), which uses
the HIROMB-SMHI (Funkquist, 2001) model outcome at the
open sea boundary, and the HBM (Berg and Poulsen, 2012).
Both models did not capture the salt maxima formation and
constantly underestimated salinity, by 0.6 g kg�1 on average,
at least at the profiling location. It is worth to identify if the
incapability of reproducing salt intrusions in the models
might lead to a salinity underestimation in the whole gulf.

The AOU vs. salinity curves (Fig. 8) suggested that source
water for the salt intrusion had almost saturated oxygen
content. This result is not a surprise as the water was
originating from the upper layer of the Baltic Proper. The
Gulf of Riga has a high production (Seppälä and Balode, 1999)
and high oxygen consumption (HELCOM, 2009) due to decom-
position of organic material in the near-bottom layer. Lateral
advection might be an important source of oxygen for the
deep layers in the gulf, especially in summer, when strong
stratification impedes vertical mixing. However, if the inflow-
ing saltier water does not reach the deeper bottom layers,
the bottom remains isolated from this lateral advection of
oxygen. Thus, the oxygen conditions in the near-bottom layer
of the gulf strongly depend on the water exchange regime in
the Irbe Strait. In summer 2015, the regime resulting in
buoyant sub-surface saltwater intrusions prevailed, and
the near-bottom layer of the gulf did not receive additional
oxygen through the lateral advection. This suggestion can be
confirmed by the six dissolved oxygen content and AOU
profiles (Fig. 11) acquired from the Ruhnu Deep (Fig. 1) from
April to August 2015.

Very high dissolved oxygen values were registered on
22 April. The oversaturation in the upper layer due to the
spring bloom was up to 125% or 3.8 mg L�1 (shown as AOU
negative values in Fig. 11b). Water was saturated in the deep
layer indicating that winter convection reached the bottom.
Oversaturation remained high in the upper layer, but already
1.4—1.9 mg L�1 of oxygen was consumed in the deeper layer
by 11 May. A continuous oxygen decline occurred from May to
August in the deep layers and by the measurements on
26 August, the oxygen level was 5.5 mg L�1 at the tempera-
ture and salinity of 3.98C and 6.0 g kg�1, respectively. The
estimated oxygen consumption (based on the AOU) from
spring to the end of August had been 7.1 mg L�1 in the
near-bottom layer. According to the HELCOM (2009),
the oxygen decrease might lead to hypoxia in the Gulf of
Riga but not every year.

5. Conclusions

� Occasionally very strong salinity maxima were observed in
the sub-surface layer.

� The sub-surface salt maxima are intrusions of saline and
warm water from the Baltic Proper.

� The potential mechanism of the maxima formation likely
is a simultaneous upwelling and downwelling event in the
Gulf of Riga side and open sea side of the strait, respec-
tively.

� Due to the buoyant nature of the inflowing water, the
near-bottom layer of the Gulf of Riga remains isolated
from the lateral flows during summers.

� Latter favors the hypoxia formation in the Gulf of Riga.
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Summary Morphometric characters of the white seabream Diplodus sargus (Linnaeus 1758) were
compared among samples collected from six marine and lagoon sites along the Tunisian coast to
elucidate the impact of the geographical barrier of the Siculo-Tunisian Strait and/or the lagoon
environment in the morphological variation among the Tunisian white seabream population. Two
morphometric descriptors (twenty-five Truss elements and six traditional measurements) were used
to study the pattern of this morphological variation. Univariate analysis of variance revealed
significant differences (P < 0.001) for both traditional and Truss variables. Multivariate analysis
using the two morphometric descriptors detected a clear variation in the body shape between D.
sargus populations along the Tunisian coast. All these analyses showed the distinctness of the sample
from El Biban lagoon compared to the remaining ones. This discrimination was due to the head and
the peduncle of the studied fish. Varying degrees of differences were also observed between
northern and southern samples, and between the lagoon and the marine samples. The morphologi-
cal variations of the head explain also the discrimination between the different lagoons samples.
Observed morphological heterogeneity seems to be related to the impact of ecological factors.
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1. Introduction

Morphological studies have long been useful to delimit mar-
ine fish stocks and describe their spatial distribution (Ihssen
et al., 1981; Palma and Andrade, 2002). Such knowledge is
important to elaborate management strategies for a better
exploitation of fish resources (Bailey, 1997). Morphological
variations between fish populations may be induced by sev-
eral environmental factors. Several works have demon-
strated morphological divergence on different regions of
the fish body in several marine fish species (Hammami
et al., 2013; Mejri et al., 2012; Turan, 2004; Wainwright
et al., 2004). Such discrepancy could be explained by intrin-
sic specificities of each kind of the aquatic environment
offering different ecological niches (Hammami et al., 2013).

In fact, such variations may be considered as adaptive
responses to environmental variation in order to maintain
relative fitness (Thompson, 1991).

Morphometric studies are based on a set of measurements
which are continuous data, revealing the size and shape
variation (Turan, 1999). The development of image analysis
systems has facilitated progress and diversification of mor-
phometric methods (Cadrin and Friedland, 1999). Truss net-
work (Strauss and Bookstein, 1982) has been described as an
Table 1 Sample locations of specimens of Diplodus sargus and m
length � standard error.

Geographic
location

North of the Siculo-Tunisien Strait 

Bizertalagoon Bizerta Ghar El
Melhlagoon

Sites code BIZL BIZM GEML 

Environment
type

Lagoon Marine Lagoon 

Sample size 28 37 26 

MSL [cm] � SE 13.3 � 0.7 13.8 � 0.9 14.9 � 1.2
Geographic
coordinates

378140N 98460E 3781606000 N
98580000 E

378100N 10

Vegetation Cymodocea nodosa
Zostera noltii
Zostera marina

Posidonia
Caulerpa
Jania rubens
(Molinier and
Picard, 1954)

-Ruppia cir
- Cladopho
(Moussa et
2005)

Tide 10—12 cm
(Harzallah, 2003)

0.40 m
(Blanco, 1992)

0.08—0.22
(Moussa et
2005)

Currentology Mediterranean
Atlantic Water
(Astraldi et al.,
1999)

Mediterranean
Atlantic Water
(Astraldi et al.,
1999)

Mediterran
Atlantic W
(Astraldi e
1999)

Temperature 13—32.58C 21—228C
(low depths)
15—168C (deep)

10.3—29.7
(Ben Hassi
1983)

Salinity 32—38.5% � 37% 36—51%
(Moussa et
2005)
approach which enables covering the entire fish body in a
uniform network and increases the possibility of extracting
shape differences among populations (Turan and Basusta,
2001). Numerous works have used Truss approach in order
to detect variation among fish populations (Cabral et al.,
2003; Erdogan et al., 2009; Hammami et al., 2011, 2013;
Palma and Andrade, 2002; Silva, 2003; Turan, 2004; Turan
et al., 2004, 2005, 2006).

Sparid fishes are widespread in the Mediterranean Sea.
Most of them are overexploited. The white seabream Diplo-
dus sargus (Linnaeus, 1758) is one of the most important
commercial seabream species in the Mediterranean Sea
(Fischer et al., 1987). It lives in coastal rocky reef areas
and coastal lagoons. Despite its great ecological and eco-
nomic importance, and its large geographic distribution
(Fischer et al., 1987), a few works have been carried out
on Atlantic and Mediterranean white seabream populations
focusing on their morphological variations (Palma and
Andrade, 2002). Studied populations from the northern
Mediterranean shores and the Atlantic ones showed some
morphological dissimilarity between them. However, inves-
tigations are scarce along the southern Mediterranean
shores, which are of a major importance as these shores
extend over the two parts of the Siculo-Tunisian Strait.
ain environmental features of sites. MSL � SE: mean standard

South of the Siculo-Tunisien Strait

Mahdia Gabes Gulf El Bibanlagoon

MAHM GABM BIBL
Marine Marine Lagoon

28 30 25
 14.5 � 1.3 11.3 � 0.2 14.8 � 0.6
8110E 358300 N

118040 E
3480404800 N
1082803600 E

338160 N 118170 E

rhosa
ra sp.

 al.,

Phanerogams
and Algae
(Ben Hassine
et al., 1999)

- Cymodocea
- Posidonia
- Caulerpa
(Ben Othman,
1971)

- Zostera noltii
- Cymodocea nodosa
- Caulerpa prolifera
- Lithothamnium sp.
(Guelorget et al.,
1982)

 m
 al.,

� 20 cm 2 m
(Mensching,
1968)

� 0.5 m (max � 1 m)
(Lemoalle and
Vidy, 1984)

ean
ater
t al.,

Levantine
Intermediate
water
(Astraldi
et al., 1999)

Levantine
Intermediate
water
(Astraldi et al.,
1999)

Levantine
Intermediate
water
(Astraldi et al.,
1999)

8C
ne,

15—258C
(Zakhama
et al., 2005)

� 21.458C
(Drira; 2009)

13—308C
(Neifar, 2001)

 al.,
� 37.1% 38—39%

(Hamza, 2003)
45—50%
(Neifar, 2001)



Figure 1 Location of sampling sites along the Tunisian coasts.
$: marine samples. *: lagoon samples. BIZM: Bizerta, MAHM:
Mahdia, GABM: Gabes Gulf, BIZL: Bizerta lagoon, GEML: Ghar El
Melh lagoon and BIBL: El Biban lagoon. STS: Siculo-Tunisian
Strait. West-Med: Western Mediterranean basin. East-Med: East-
ern Mediterranean basin.
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Indeed, Tunisian shores are a boundary area between east-
ern and western Mediterranean basins containing numerous
lagoons. Such geographic position gives them a status
of important ecological niche, which provides bio-diversity
to Tunisian coasts resulting in a correlation with the mor-
phology of fish populations. In this paper, the aim is to
investigate the spatial morphological variation of D. sargus
populations along the Tunisian coastline. Sampling was done
among six localities characterised by different environmen-
tal features (Table 1, Fig. 1) using Truss network system
(Strauss and Bookstein, 1982) and with some traditional
measurements.

2. Material and methods

Samples were collected from six localities distributed
along the Tunisian coast from June 2006 to January
2008. This sampling covered the north-eastern (Bizerta,
Bizerta lagoon and Ghar El Melh lagoon) and the south-
eastern (Mahdia, Gabès Gulf and El Biban lagoon) sectors.
These localities differ by their environmental features such
as temperature, salinity and currents (Fig. 1; Table 1).
Fishing gear used included trammel nets, long lines and
weir. The sample sizes ranged from 25 to 37 individuals in
each locality.

Morphological analysis has been significantly enhanced by
image processing techniques, which have become a powerful
tool that can complement other approaches to stock identi-
fication (Cadrin and Friedland, 1999). In order to describe the
shape of fish, the Truss approach was used to create a net-
work of fish body (Strauss and Bookstein, 1982). The left side
of each fish, with the fins in the extended position, was
photographed with a high quality digital camera mounted
on a tripod. The landmark method is based on placing several
homologous points called “landmarks” on the most important
locations of the body shape image. Morphological landmarks
were selected around the outline of the fish form (Turan,
1999). Landmark coordinates were performed on digital
images using Visilog 6.480 software. The x and y coordinates
of landmarks were chosen and recorded in agreement with
the current literature (Loy et al., 2000; Palma and Andrade,
2002; Sara et al., 1999; Turan, 2004). To test the precision of
landmarks placing, we have digitised one specimen from
each sample twenty times and calculated the error variance
for each variable. Eleven landmarks, which permitted the
plotting of 25 measurements, were recorded (Fig. 2, Table 2).
Six traditional measurements were added to our data set
(Fig. 2; Table 2), which are:

- the eye diameter (Øeye: 13—14),
- the snout length (lengm: 1—12),
- the operculum length (lengop: 1—15),
- the distance between the operculum and the upper part of
the head (distuh-op: 2—15),

- the distance between the operculum and the lower part of
the head (distlh-op: 11—15),

- the length of the pectoral fin base (lengpec-b: 16—17).

Size-dependent variation of morphometric characters was
corrected using the allometric transformation given by Reist
(1985): Mtrans = log M � b (log SL � log SLmean), where Mtrans

is the transformed measurement, M is the original measure-
ment, b is the within-group slope regressions of log M against
log SL, SL is the standard length of the fish and SLmean is the
overall mean of the standard length.

Truss and traditional measurements were analysed sepa-
rately. ANOVA F-test was performed to examine the statis-
tical significance of each measurement variation among the
studied samples. In addition, the t-test was established to
verify whether the averages of one variable are significantly
different between two considered samples.

The discriminant function analysis (DFA) (Ramsay et al.,
2009) was used to assess the pattern of morphological
variation between samples and to reveal the degree of
similarities or differences between the studied samples
and the relative importance of each measurement for group
separation. Wilks' l (Everitt and Dunn, 1991) values were
estimated to test the significance of observed discrimination
for a combination of variables. The classification success
rate (PCS) was evaluated based on the percentage of indi-
viduals correctly assigned into the original sample. All mor-
phometric measurements and statistical analyses were
performed using R 2.11.1 software.



Figure 2 Location of landmarks (1—11) and additional points (12—17). Lines indicate the morphometric measures used for
constructing Truss network on Diplodus sargus. Landmarks were illustrated as black dots. Øeye: 13—14: the eye diameter; lengm:
1—12: the snout length; lengop: 1—15: the operculum length; distuh-op: 2—15: the distance between the operculum and the upper part
of the head; distlh-op: 11—15: the distance between the operculum and the lower part of the head; lengpec-b: 16—17: the length of the
pectoral fin base.
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3. Results

3.1. Traditional measurements

The analysis of variance of the 6 traditional measurements
revealed significant differences (P < 0.001) between samples
at all variables (Table 2). The projection of all samples on
DF1—DF2 plane showed the discrimination of the two lagoon
samples, Bizerta lagoon in the north and El Biban lagoon in
the south (Fig. 3). All other samples showed moderate over-
lapping (Fig. 3).

The significance of this morphological distinction was
indicated by Wilk's criterion (Wilk's l = 0.1263, F = 14.491,
P < 0.001). The overall assignment of individuals into their
original sample (PCS) was 65.5%. These values ranged from
50% for Ghar El Melh lagoon sample to 92% for El Biban one
(Table 3). Such discrimination seemed to be defined by two
measurements: the operculum length (lengop) and the eye
diameter (Øeye) (Table 2).

For a better understanding of the observed morphometric
variation, we projected separately marine and lagoon sam-
ples. The plot obtained with DF1 and DF2 for the three lagoon
samples (BIZL, GEML and BIBL) showed a significant discri-
mination (Wilk's l = 0.1138, F = 22.249, P < 0.001) between
northern (BIZL and GEML) and southern (BIBL) samples
(Fig. 4a). The overall assignment of individuals into their
original sample (PCS) was 90%. These values ranged from 89%
for Ghar El Melh and Bizerta lagoons (GEML and BIZL) to 92%
for El Biban lagoon sample (BIBL) (Table 4). Such distinction
was again related to the operculum length (lengop) and the
eye diameter (Øeye) (Table 2). The t-test calculated between
lagoon samples showed that El Biban lagoon has the lowest
average of the Øeye (tGEML-BIBL = 18.266, P < 0.01 and tBIZL-
BIBL = 23.171, P < 0.01).

Across DF2, we observed a moderate discrimination
between Ghar El Melh and Bizerta lagoon samples which is
related to the variable disthl-op (the distance between the
operculum and the lower head part: 11—15).

The projection of the marine samples showed a partial
overlapping between them with a slight discrimination
(Wilk's l = 0.4193, F = 7.8903, P < 0.001) of Bizerta sample
(BIZM) highlighted by DF1 (Fig. 4b). The overall assignment
of individuals into their original sample (PCS) was 73.36%.
These values ranged from 67% to 79% (Table 5). Such dis-
tinction seems to be related to two traditional measure-
ments, the snout length (lengs: 1—12) and the distance
between the operculum and the lower part of the head
(disthl-op: 11—15).

3.2. Truss measurements

Twenty-five distances which define a network between the
11 homologous points were taken into consideration (Fig. 2).
The variance analysis of these measurements revealed sig-
nificant differences across mean values (P < 0.001) between
samples for 23 variables (Table 2). The projection of all
samples on DF1-DF2 plane showed a clear distinction
between three groups (Fig. 5). The first one was formed
by El Biban lagoon sample (BIBL) which showed a clear
discrimination from all other samples (Wilk's l = 0.0069,
F = 9.7553, P < 0.001). The second group gathers the
north-eastern samples (BIZM, BIZL and GEML) and the third
one is made up of the south-eastern samples (Mahdia and
Gabes gulf) across DF1 (Fig. 5). The overall assignment of



Table 2 Loadings from discriminant function of the 31 morphometric characters (25 Truss elements and 6 traditional measure-
ments) for Diplodus sargus.

Samples All samples Lagoon samples Marine samples

Variables DF1 DF2 F DF1 DF2 F DF1 DF2 F

Traditional measurements
49.78% 21.43% 72.9% 27.1% 60.56% 39.44%

lengs: 1—12 �0.307 �0.325 10.776 *** �0.480 0.349 10.956 *** �0.620 0.040 8.933 ***

lengop: 1—15 �0.732 �0.189 29.193 *** �0.874 �0.183 67.493 *** �0.047 �0.019 0.048ns

disthu-op:2—15 0.423 0.066 13.701 *** 0.547 0.015 12.183 *** �0.186 0.798 10.786 ***

disthl-op: 11—15 �0.712 �0.664 33.477 *** �0.823 �0.535 69.415 *** �0.517 �0.546 11.149 ***

Øeye:13—14 �0.702 0.191 26.026 *** �0.854 0.139 58.33 *** 0.263 0.505 5.078 **

distbase-pec: 16—17 0.059 �0.375 4.390 *** 0.003 �0.361 1.545 *** �0.442 0.279 5.346 **

DF1 DF2 F DF1 DF2 F DF1 DF2 F

Truss measurements
29.22% 24.48% 54.47% 45.52% 55.49% 44.50%

V1: 1—2 �0.559 0.318 28.827 *** �0.442 �0.483 21.682 *** 0.686 0.070 36.479 ***

V2: 2—3 0.651 �0.076 21.901 *** 0.710 0.011 33.829 *** �0.572 �0.005 20.219 ***

V3: 3—4 �0.526 0.360 18.880 *** �0.374 0.002 5.615 *** 0.661 0.060 32.077 ***

V4: 4—5 0.705 �0.366 41.543 *** 0.641 �0.047 23.612 *** �0.792 �0.091 66.356 ***

V5: 5—7 �0.368 0.195 14.588 *** �0.351 0.410 12.239 *** 0.331 0.379 12.220 ***

V6: 7—6 �0.820 0.297 77.389 *** �0.780 �0.146 54.082 *** 0.892 0.041 132.95 ***

V7: 6—8 0.695 �0.177 33.32 *** 0.634 0.231 27.044 *** �0.755 �0.157 56.338 ***

V8: 8—9 0.091 0.359 4.290 ** 0.426 0.074 7.87 *** 0.257 �0.053 3.149 *

V9: 9—10 �0.477 �0.398 17.51 *** �0.678 0.064 28.89 *** 0.054 0.331 4.266 *

V10:10—11 0.030 �0.299 15.496 *** �0.113 �0.428 6.860 ** �0.063 �0.321 4.055 *

V11: 11—1 �0.233 0.516 23.42 *** 0.075 0.432 6.644 ** 0.533 0.112 17.439 ***

V12: 2—11 �0.696 0.344 46.199 *** �0.666 �0.179 29.660 *** 0.775 0.002 58.438 ***

V13: 11—3 �0.462 0.342 18.089 *** �0.284 �0.418 10.062 *** 0.644 �0.076 29.634 ***

V14: 3—10 �0.436 0.301 12.457 *** �0.303 �0.139 4.181 * 0.570 �0.116 20.934 ***

V15: 10—4 �0.679 �0.181 26.905 *** �0.732 0.087 39.056 *** 0.549 0.132 19.208 ***

V16: 4—8 �0.521 0.022 12.027 *** �0.551 0.066 15.135 *** 0.436 0.175 11.531 ***

V17: 8—5 �0.257 �0.002 4.892 *** �0.338 0.326 8.766 *** 0.436 0.175 1.410ns

V18: 5—6 �0.787 0.225 57.018 *** �0.776 �0.104 51.016 *** 0.119 0.148 80.174 ***

V19: 6—4 �0.202 �0.064 3.321 ** �0.325 �0.194 5.499 ** 0.794 0.251 1.865ns

V20: 4—9 �0.257 0.516 13.341 *** 0.143 0.266 3.001ns 0.050 0.221 19.261 ***

V21: 9—3 �0.461 0.296 15.553 *** �0.369 0.029 5.497 ** 0.558 0.076 19.02 ***

V22: 5—9 0.284 0.300 6.646 *** 0.566 0.261 20.520 *** 0.528 0.207 0.033 ***

V23: 10—1 �0.183 0.310 4.777 *** 0.067 �0.090 0.398ns �0.024 �0.014 10.812 ***

V24: 2—10 �0.535 0.327 19.741 *** �0.462 �0.143 10.292 *** 0.426 �0.166 26.364 ***

V25: 1—3 �0.088 0.408 13.812 *** 0.209 �0.603 18.121 *** 0.621 �0.080 9.464 ***

F: F-test's values, significance levels of F-test's P-values:
* P < 0.05.
** P < 0.01.
*** P < 0.001.
Bold text: variables related to discriminations. Øeye: 13—14: the eye diameter; lengm: 1—12: the snout length; lengop: 1—15: the operculum
length; distuh-op: 2—15: the distance between the operculum and the upper part of the head; distlh-op: 11—15: the distance between the
operculum and the lower part of the head; lengpec-b: 16—17: the length of the pectoral fin base.
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individuals into their original sample (PCS) was 86.33%. These
values ranged from 82% for Bizerta marine sample to 93% for
Gabes Gulf sample (Table 3). The discrimination between the
north-eastern and the south-eastern samples seems to be
mainly related to two Truss measurements, V6 and V18
(Table 2), defining the posterior body part (Fig. 2). The
application of t-test between all samples showed that El
Biban lagoon has the highest average of V6 compared to
Bizerta and Ghar El Melh lagoon samples (tBIBL-BIZL = 97.790,
P < 0.001 and tBIBL-GEML = 30.725, P < 0.001) whereas Bizerta
marine sample showed a lower average than Mahdia and
Gabes Gulf samples (tMAHM-BIZM = 27.558, P < 0.001 and
tGABM-BIZM = 37.221, P < 0.001).

For V18 variable, which is related to peduncle height,
Bizerta marine specimens seemed to have the highest aver-
age compared to Mahdia marine sample (tBIZM-MAHM = 7.906,
P < 0.01). The t-test was also significant between El Biban
and the two northern lagoons and showed that El Biban
lagoon specimens have the highest average of V18 (tBIBL-
BIZL = 44.514, P < 0.001 and tBIBL-GEML = 9.178, P < 0.01).



Figure 3 Plot of the first two discriminant functions of DFA
scores with all samples using traditional measurements. BIZM:
Bizerta, MAHM: Mahdia, GABM: Zarzis, BIZL: Bizerta lagoon,
GEML: Ghar El Melh lagoon, BIBL: El Biban lagoon.

Table 3 Correct classification of all individuals into their
original group using traditional and Truss measurements.
BIZM: Bizerta, MAHM: Mahdia, ZARM: Zarzis, BIZL: Bizerta
lagoon, GEML: Ghar El Melh lagoon and BIBL: El Biban lagoon.

Sample BIBL BIZL BIZM GEML MAHM GABM

Traditional measurements
BIBL 92 0 0 0 0 8
BIZL 0 65 32 4 0 0
BIZM 0 6 58 13 10 13
GEML 0 0 4 50 46 0
MAHM 0 0 7 4 68 21
GABM 0 3 20 3 14 60

Truss measurements
BIBL 92 0 0 0 8 0
BIZL 0 86 7 7 0 0
BIZM 0 8 82 10 0 0
GEML 0 0 15 80 4 0
MAHM 4 0 0 0 85 11
GABM 0 0 0 0 7 93

Bold text: Percentage of individuals correctly classified in their
original group.
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El Biban lagoon was discriminated from all other samples
by DF2 and such distinction was mainly explained by the V11
variable which is related to the head length.

The plot obtained with DF1 and DF2 for lagoon samples
showed a clear significant discrimination between them
(Fig. 6a) (Wilk's l = 0.0174, F = 12.875, P < 0.001). The over-
all assignment of individuals into their original sample (PCS)
was 98.83% whereas values ranged from 97% to 100% (Table 4).
Across DF1, the distinction of El Biban lagoon sample from
Bizerta and Ghar El Melh lagoons seemed to be related again
to V6 and V18 (peduncle region) (Table 2). The observed
discrimination between Ghar El Melh and Bizerta lagoon
samples, highlighted along DF2, seemed to be related to
V25 variable which defines the head length (pre-dorsal
Figure 4 Plot of the first two discriminant functions of DFA sco
measurements. BIZM: Bizerta, MAHM: Mahdia, GABM: Zarzis, BIZL: B
length) (Table 2). In fact, Ghar El Melh lagoon specimens
showed the highest average of V25 (tGEML-BIZL = 21.734,
P < 0.001, ddl = 55).

The spatial projection of the marine samples on the
factorial plane defined by the two first functions (DF1 and
DF2) showed also a total discrimination (Wilk's l = 0.0271,
F = 13.793***, P < 0.001) between northern and southern
samples (Fig. 6b). The discrimination of Bizerta marine
sample (BIZM) was highlighted by DF1. The overall assign-
ment of individuals into their original sample (PCS) was
95.33%. These values ranged from 97% to 100%. This distinc-
tion seemed to be attributed to three Truss elements (V4, V6
and V18) which define the posterior body part (Table 2). Along
the DF2, the two south-eastern samples, Mahdia and Gabes
res with lagoon (a) and marine (b) samples using traditional
izerta lagoon, GEML: Ghar El Melh lagoon, BIBL: El Biban lagoon.



Table 4 Correct classification of lagoon individuals into
their original group using traditional and Truss measure-
ments. BIZM: Bizerta, MAHM: Mahdia, ZARM: Zarzis, BIZL:
Bizerta lagoon, GEML: Ghar El Melh lagoon and BIBL: El Biban
lagoon.

Sample BIBL BIZL GEML

Traditional measurements
BIBL 92 8 0
BIZL 0 89 11
GEML 0 11 89

Truss measurements
BIBL 100 0 0
BIZL 0 97 3
GEML 0 0 100

Bold text: Percentage of individuals correctly classified in their
original group.

Figure 5 Plot of the first two discriminant functions of DFA
scores with all samples using Truss measurements. BIZM: Bizerta,
MAHM: Mahdia, GABM: Zarzis, BIZL: Bizerta lagoon, GEML: Ghar
El Melh lagoon, BIBL: El Biban lagoon.
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Gulf, were discriminated (Fig. 6b). Such variation was
explained by V5 which define the posterior part of the body
(Table 2). Moreover, the application of the t-test showed that
El Mahdia specimens have the highest averages of V5 (tMAHM-
GABM = 11.809, P < 0.05, ddl = 59).

4. Discussion

The morphometric analysis of six samples of D. sargus along
Tunisian coasts revealed the discrimination of El Biban lagoon
sample from all the remaining ones. This discrimination was
highlighted with the two approaches. Different degrees of
divergence were also detected between northern and south-
ern samples, and between lagoon and marine samples. Sev-
eral variables were implicated in this dissimilarity. These
variables are mainly related to the head and the posterior
part of the body.

Generally, fish exhibit greater morphological variability
than other invertebrates and seem to be more sensitive to
environmental fluctuations (Allendorf, 1988; Dunham et al.,
1979; Thompson, 1991; Wimberger, 1992). Such variability
Table 5 Correct classification of marine individuals into
their original group using traditional and Truss measure-
ments. BIZM: Bizerta, MAHM: Mahdia, ZARM: Zarzis, BIZL:
Bizerta lagoon, GEML: Ghar El Melh lagoon and BIBL: El Biban
lagoon.

Sample BIZM MAHM GABM

Traditional measurements
BIZM 79 8 13
MAHM 4 75 21
GABM 20 13 67

Truss measurements
BIZM 100 0 0
MAHM 0 89 11
GABM 0 3 97

Bold text: Percentage of individuals correctly classified in their
original group.
may be the result of different selective regimes generated by
the type of habitat where the fish live (Slatkin, 1985; Swain
and Foote, 1999) creating environmental discriminations.
Indeed, sampling localities have different environmental
features (Table 1) which may cause morphological adapta-
tions. Several studies have demonstrated the relationships
between morphological and functional traits of fish and
ecological niches (Albouy et al., 2011; Farré et al., 2013;
Price et al., 2011), e.g. body-shape adaptation to microha-
bitat utilisation.

Therefore, the divergence between El Biban sample and
other samples seemed to be related to several measurements
accounted for by the head (lengop, Øeye and V11) and the
posterior body part (V6 and V18). The same statement was
raised by Palma and Andrade (2002). They showed a morpho-
metric divergence between northern Mediterranean D. sar-
gus samples and Atlantic ones related particularly to the
head variables. These authors attributed the observed dis-
similarity to environmental conditions and to ecological
niches. They implied also the contribution of the natural
geographical barriers, such as the Gibraltar Strait, to the
emergence of differences between populations.

Indeed, morphometric variation results from differences
in developmental rates and how the population responds to
varying environmental conditions (Burns et al., 2009;
Cachéra, 2013; Turan et al., 2004). Thus, the head morpho-
logical variation can be related to feeding behaviours (Delar-
iva and Agostinho, 2001; Hyndes et al., 1997) or the
exploitation of different ecological niches with different
types of prey. El Biban lagoon specimens were characterised
by a smaller head than the other populations. El Biban lagoon
ecosystem presents some physicochemical particularities
such as its high salinity (45—50%; Neifar, 2001), its large
size (30,000 ha) and its sandy bottom. These characteristics
can offer a particular ecological niche to El Biban lagoon
explaining such discrimination of specimens providing from
it. The special hydrodynamic system in the south of Tunisia



Figure 6 Plot of the first two discriminant functions of DFA scores with lagoon (a) and marine (b) samples using Truss measurements.
BIZM: Bizerta, MAHM: Mahdia, GABM: Zarzis, BIZL: Bizerta lagoon, GEML: Ghar El Melh lagoon, BIBL: El Biban lagoon.
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can also explain the observed variation especially at the
posterior body part.

The morphological head variability explains also the dis-
crimination between lagoons and was indicated by both
approaches (lengop, Øeye, disthl-op and V25). This seemed
to be related to intrinsic environmental characteristics of
each lagoon ecosystem such as physico-chemical conditions,
substrate nature and type and size of prey.

Moreover, coastal lagoon ecosystems are characterised by
particular physical features (shallowness, relative isolation
from the open, variable physical and ecological gradients)
which create different types of habitat compared to those of
the open sea (Pérez-Ruzafa et al., 2007). In addition, lagoons
are richer nutritional areas that are often used as nursery
areas, allowing fish larvae to develop and grow (Çoban et al.,
2008). It is known that the environmental conditions influ-
ence morphometric characters (Swain and Foote, 1999) and
during these early life stages, morphology is especially
dependent on environmental conditions (Cheverud, 1988;
Ryman et al., 1984).

Several studies showed an important variation of the head
morphology. The discrimination between European samples
of Diplodus puntazzo was also attributed to the head mor-
phology (Palma and Andrade, 2002). Turan (2004) also asso-
ciated the differentiation within Turkish Trachurus
mediterraneus samples to head characters. Recently, the
significant morphological divergence between lagoon and
marine samples of Tunisian Lithognathus mormyrus popula-
tions was also attributed to the head morphology (Hammami
et al., 2011, 2013).

The discrimination between the northern and the south-
ern samples seemed to be particularly associated with the
posterior body part especially to the peduncle region (V4, V6
and V18). This results mostly related to the swimming beha-
viour of the fish which varies according to species and to
hydrodynamic constraints (e.g. water currents) (Costa and
Cataudella, 2007). In fact, the southern marine area of
Tunisia presents a complex hydrology with four different
types of currents (Serbaji, 2000). The most important one
is the high tidal current which creates considerable sea level
oscillations (Illou, 1999; Sammari et al., 2006). This region is
also characterised by particular physico-chemical features,
resembling closely features of the eastern Mediterranean
waters rather than the western ones. Such characteristics
can instigate morphological differences between popula-
tions. These results present environmental influences as a
selective pressure on the morphology of body parts like the
head or the peduncle.

However, morphological divergences among fish popula-
tions can be related to genetic differentiation or interaction
between environmental and genetic components (Cabral
et al., 2003; Favaloro and Mazzola, 2006). For several spe-
cies, morphological divergences are associated with genetic
differentiation (Bergek and Bjorklund, 2009; Lin et al.,
2008). Sometimes, this kind of variation may not be directly
caused by genetic factors (Ihssen et al., 1981; Turan, 1999).
This seems to be the case with our data, as it cannot be
explained by the genetic component because of the lack of
genetic differentiation between samples of the northern and
the southern sectors (Kaouèche et al., 2011). Moreover,
morphological variation was observed between Atlantic
and Mediterranean white seabream populations (Palma and
Andrade, 2002) despite the high degree of homogeneity
between samples of these areas (Bargelloni et al., 2005;
Domingues et al., 2007; Gonzalez-Wanguemert et al.,
2010). In the same context, homogeneity was also revealed
for Tunisian L. mormyrus samples (Hammami et al., 2007)
whereas authors demonstrated morphological heterogeneity
between lagoons (Hammami et al., 2011, 2013).

Our work indicates the existence of different degrees of
morphological differences between northern and southern
D. sargus samples but also among the samples collected
from different lagoons. Both approaches, Truss and tradi-
tional, converged and gave complementary results but it is
clear that the Truss network provides more precise and
relevant information. The phenotypic variability observed
between samples suggests a strong implication of ecological
conditions.
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Summary In the context of the environmental monitoring of the Concordia wreck removal
project, measurements of currents, winds and sea level height were made along the eastern coast
of the Giglio Island, Tyrrhenian Sea (Italy), during 2012—2013. The aim of the study was to
investigate the effect of atmospheric forcing and periodic sea-level changes on the coastal
currents. Normalised Cross-Correlation Function analysis allowed us to correlate these observa-
tions. A marked inter-seasonal variability was found in both current and local wind velocity
observations but a significant level of correlation between the data was only found during strong
wind events. Current and wind directions appeared to be uncorrelated and current measurements
showed a predominant NW—SE direction, presumably linked to the shape and orientation of Giglio
Island itself. During strong winds from the SSE, current flow was towards the NNW but it suddenly
switched from the NNW to the SE at the end of wind events. The results show that, at Giglio Island,
currents are principally dominated by the general cyclonic Tyrrhenian circulation, and, secondly,
by strong wind events. The sea level had no effects on the current regime.
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1. Introduction

Sea and ocean circulation is generally characterised by the
interactions of tidal currents, bathymetric constraints, wind
forcing, and density gradients induced by river input and heat
and mass (evaporation and rain) exchange. In this complex
scenario, wind has been found to be the main forcing factor
inducing currents, while tidal and baroclinic motions are of
secondary importance (Bolaños et al., 2014). The barotropic
component of the coastal circulation is mainly driven by local
winds, but is also highly dependent on the topography of the
marine basin, composed of sub-basin scale gyres that can be
seasonally variable and recurrent (Molcard et al., 2002;
Pierini and Simioli, 1998).

The periodic vertical motions produced by tides close to
the coast induce (horizontal) currents with alternating floods
and ebbs. In these water movements, tides can have local or
regional and short-range or long-range influences (Naranjo
et al., 2014). Close to the coast, sea level depends primarily
on the periodic change of lunar and solar attraction (astro-
nomic influences), but also on the local atmospheric pressure
and wave and wind changes (atmospheric events) that induce
non-periodic signals of varying strength (amplitude) and
duration (low-frequency) which influence the daily periodic
oscillations (Halverson, 2014; Tsimplis et al., 2011). More-
over, the magnitude of the sea level variation is site depen-
dent. In fact, in areas characterised by very small tidal
ranges, such as the Mediterranean Sea, the atmospheric
effects may have greater amplitude than the normal tide
and can partially or completely obscure the astronomic tide
oscillations. These atmospheric effects vary, for example,
with the direction, strength and duration of the wind and are
also dependent on the morphology of the area and the depth
of the body of water (Halverson, 2014).

In the context of the environmental monitoring of the
Concordia wreck removal project, measurements of cur-
rents, winds and sea level were made during 2012—2013
Figure 1 Location of the study area (Giglio Island, Italy). B1 and 

continuous monitoring of the currents; Concordia wreck black profi
Porto; the black rhombus shows the position of the weather station of
Laboratory for Sustainable Development) of the Tuscany Region; the 

rocks.
along the eastern coast of the Giglio Island in the Tyrrhenian
Sea (Italy) (Fig. 1). In order to study the general trend of the
currents, and their daily and seasonal variations in relation to
atmospheric forcing (winds) and periodic sea level changes
(tides), a vertical Acoustic Doppler Current Profiler (V-ADCP)
was deployed under a buoy from the 29th August 2012 to the
7th July 2013. The results of the cross-correlation analysis of
the continuous data collected by the V-ADCP and the meteor-
ological (wind velocity and direction) and sea level observa-
tions recorded at the permanent weather station of Giglio
Porto are reported in this paper.

2. Study area

2.1. Geological and climatic characteristics of
Giglio Island

Giglio Island (21.2 km2) lies in the northern part of the
Tyrrhenian Sea in front of the Argentario headland, 14-km
off the Tuscany coast (Fig. 1). The small town and the harbour
of Giglio Porto are on the eastern side of the island (Fig. 1).
The island is 90% composed of a monzogranitic pluton result-
ing from crystallisation of magma within the earth's crust and
raised to the surface as a result of a tectonic extensional
phase subsequent to the collision between the Adriatic and
Corsica-Sardinia plates (Rossetti et al., 1999). The island's
shape is roughly elliptical, 8.5 km long and 4.5 km wide, with
its major axis oriented NNW-SSE. Its coasts are predominantly
high and rocky with numerous small bays and inlets. The sea
bottom off the Giglio Porto coast is characterised by a steep
rocky slope that slopes quickly to a 100-m depth at a distance
of about 350 m from the coast. Sea bottom, beneath 50-m
depth, consists of more than 60% clay (Frezza and Carboni,
2009).

The island's climate is typically Mediterranean, with rare
rainfall between May and October (almost completely absent
C1 are the buoys under which the V-ADCP was installed for the
le highlights the position of the vessel near the coast off Giglio

 the LaMMA Consortium (Environmental Modelling and Monitoring
black asterisk shows the collision point of the cruise vessel on the



Figure 2 Evidence of the current coastal gyres produced
by coast morphology and fresh water input from rivers.
Satellite picture taken on the 13th November 2012 after heavy
rains. Source: NASA.
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in the summer months), and more frequent rainfall between
November and April. The temperature is relatively mild in
winter (minima > 08C) and high in summer (maxima > 308C).
The weather conditions of the island are mostly influenced by
wind action; in particular, the winds from the SE, S, SW and
NE are linked with rains, while the winds from the NW, W and
N are linked with dry weather. The N and NE winds typically
blow during winter (December, January, and February) and
can produce storms, while, in autumn and spring, strong SE
and S—SW winds generate rough seas, principally on the
southern and eastern coasts of the island. In summer, the
dominant wind is from the S and of low velocity, generally
associated with calm seas (http://www.cmgizc.info).

2.2. The circulation and tides in the Tyrrhenian
Sea

The study area is included in the general circulation of the
Tyrrhenian Sea. This circulation is characterised by surface
and intermediate layers represented by a well-defined flux of
Atlantic Water (AW; the Tyrrhenian vein) entering the basin
from the south along the eastern coast of Sicily and flowing
counter-clockwise around the Tyrrhenian and northward
along the Italian peninsula reaching the Channel of Corsica.
Here, a part of the flow enters the Ligurian Sea, while
another part moves in a cyclonic gyre off the Boniface Strait
(Astraldi and Gasparini, 1994; Millot and Taupier-Letage,
2005; Vetrano et al., 2010). When the Tyrrhenian vein of
the AW reaches the channel between Giglio Island and the
Italian coast, currents are forced in an SE—NW direction,
disturbed by gyres and counter-current induced by the inter-
action with the coastal morphology, friction with the shallow
bottom, and the influence of the freshwater inputs from
torrents and rivers. This situation was highlighted in satellite
picture taken on the 13th November 2012 after heavy rains
that hit the region (Fig. 2; source NASA).

The Tyrrhenian circulation suffers from some important
seasonal changes, primarily in the northern part of the basin.
Here, the water masses are mostly recirculated within the
basin in summer, isolating the Tyrrhenian and Ligurian seas,
with only a small part of the flow passing through the Corsica
Channel; in winter and spring, the communication between
the two basins is full (Astraldi and Gasparini, 1994; Pierini and
Simioli, 1998; Schroeder et al., 2011).

In general, the maximum tidal range is relatively low in
the Tyrrhenian Sea, equal 0.45 m (Ferrarin et al., 2013). Tidal
Table 1 Mean tidal semi-diurnal and diurnal harmonic constituent
(in degree, 8) at the tidal gauge of the Civitavecchia harbour durin
(Sa), solar semi-annual component (Ssa), solar monthly component (
the Civitavecchia harbour during the period 1966—1968 (Mosetti a

Polli (1955) M2 (the principle lunar
semi-diurnal harmonic)

S2 (the p
solar sem
harmoni

Period 1951—1952 10.9 cm, 2588 4.1 cm, 

Mosetti and Purga (1982) Sa (solar annual
component)

Ssa (sola
compone

Period 1966—1968 5.6 cm, 2168 3.4 cm, 
oscillations (Table 1) are semidiurnal, with two highs and two
lows during the day, which occur with different values during
the year producing minor and major tides that are strongly
correlated with the mean surface pressure variations; sea-
sonal fluctuations have a progressive increase and sharp
decrease, with the maximum signal in autumn (Mosetti
and Purga, 1982; Polli, 1955). The mean sea level curve is
dominated by a strong annual signal of 8 cm in amplitude
(Cazenave et al., 2002).
s (M2, S2, K1, and O1) expressed in amplitude (in cm) and phase
g the period 1951—1952 (Polli, 1955). Solar annual component
MSm), and lunar monthly component (Mm) at the tidal gauge of
nd Purga, 1982).

rinciple
i-diurnal

c)

K1 (the principle
luni-solar diurnal
component)

O1 (the principle
lunar diurnal
component)

2808 2.8 cm, 2028 1.3 cm, 1158

r semi-annual
nt)

MSm (solar monthly
component)

Mm (lunar monthly
component)

1118 0.8 cm, 2768 0.3 cm, 2468

http://www.cmgizc.info/


Table 2 Measurement periods of currents by V-ADCP and
related position (under C1 or B1 buoy) (period time: dd/mm/
yyyy).

Period start Period end

Buoy C1 29/08/2012 11/09/2012
04/10/2012 30/10/2012
23/11/2012 25/11/2012

Buoy B1 25/11/2012 11/12/2012
31/12/2012 16/04/2013
15/06/2013 27/06/2013
30/06/2013 07/07/2013
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3. Material and methods

The signal buoys delimiting the marine yard of the Concordia
wreck removal project were located 300—500 m off Giglio
Porto (Fig. 1) at the 80—100 m isobaths. The buoys (Resinex
Trading Srl) were manufactured with an external shell in
roto-moulded linear polyethylene and filled with elastomer
polyurethane to guarantee buoyancy.

A Teledyne RDI 300-kHz downward-looking vertical four-
beam V-ADCP was installed under buoy C1 on the 29th August
2012 and moved to buoy B1 on the 25th November 2012, at a
fixed depth of 6 m to continuously monitor the currents. The
6-m depth was chosen because of the shape of the buoy,
equipped with a pipe in its submerged part. The V-ADCP was
powered by an internal battery pack and installed on the
buoy cable with a stainless steel structure that avoided beam
interaction with the cable itself. The instrument was
equipped with an armoured submarine cable with a terminal
above sea level from which data were downloaded.

The V-ADCP could measure current profiles (velocity and
direction) and the intensity of the echo (backscatter) along a
theoretical vertical line of about 120 m (RD, Instruments
2007) from the depth of installation (6 m) to the sea bottom.
The size of V-ADCP bins was set at 4 m and the maximum
number of bins at 16, to cover 70 m of the water column, and,
hence, the first measurement bin was centred at a 10-m
depth. The instrument measured the velocity [mm s�1] and
direction [8N] of the current with a sampling of 6 min aver-
aging 30 pings for each measurement (1 ping every 12 s).

The measurement period lasted from the 29th August
2012 till the 7th July 2013, but it was divided into sub-periods
of non-equal duration depending on yard operations and
weather conditions (Table 2). From the 29th August to the
25th November 2012, the instrument was fixed under buoy C1
(Fig. 1), but, due to the frequent removals and repositioning
of the buoy for the manoeuvres of tugs and pontoons engaged
in the yard operations, it was successively (from 25th Novem-
ber 2012) fixed under buoy B1 (Fig. 1) (Table 2) situated 800 m
to the North.

The software used for the V-ADCP configuration and the
data downloading was WinSC (RD Instruments, Inc.), while
the software used for data processing was WinADCP (RD
Instruments, Inc.).

Following the oceanographic convention, a current direc-
tion was defined as the direction towards which the currents
were flowing. The monthly mean of the current velocity was
Figure 3 Temporal coverage of current data (under the buoys C1 an
level data (in green). (For interpretation of the references to color in 

article.)
calculated at different depths (10, 18, 30, 50, and 70 m) and
released as histograms to show the velocity changes with
depth during the study period. The data on the current
velocity and direction were divided according to the astro-
nomical seasons and plotted in rose diagrams to investigate
the seasonal behaviour of the currents and highlight possible
prevailing directions.

The meteorological parameters used in this study were
measured at the weather station installed on the breakwater
of the Giglio Porto harbour (Fig. 1) by the LaMMA (Environ-
mental Modelling and Monitoring Laboratory for Sustainable
Development) Consortium of the Region of Tuscany and the
Italian Research Council. The weather station provided mea-
surements of sea level [m], mean and maximum wind velocity
[m s�1] and prevailing wind and gust direction [8N]. The wind
direction was defined as the direction from which the winds
were coming. The data were acquired considering a sampling
of 10 min.

The weather data were used to support the marine
weather bulletin of the Giglio Island activated immediately
after the shipwreck. The weather station was composed of a
shaft encoder floating hydrometer in a stilling and a 10-m
height folding pole with wind velocity and direction sensors
(Siap + Micros, S.r.l.) powered by a solar panel. The weather
station was 0.5 and 1.2 km from buoys C1 and B1, respec-
tively.

The complete temporal coverage of the data set is shown
in Fig. 3.

As was done for the current data, the monthly wind means
were also determined, and wind rose diagrams were drawn
with the data of the hourly prevailing wind and wind gust.
d B1 in black and red, respectively), wind data (in blue), and sea
this figure legend, the reader is referred to the web version of this
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Daily sea level means were extracted to highlight the trend of
the sea level variations. Tidal harmonic analysis was per-
formed on the hourly sea level data in the period 29th August
2012—7th July 2013, using the Harmgen free software
(version 3.1.1, 2006), considering a package of 35 constitu-
ents including the four primary harmonic constituents of the
semi-diurnal and diurnal frequencies (S2, M2, K1, and O1).
Because tidal observations did not cover a full year period,
we could not calculate or consider the annual and monthly
harmonic components.

A core issue when dealing with time series is determining
their pairwise similarity, i.e. the degree to which a given time
series resembles another. Therefore, in order to evaluate the
presence of possible correlations between the data measured
by the V-ADCP (velocity and direction of current) and those
provided by the weather station of the LaMMA Consortium
(sea level, velocity and direction of wind), a procedure based
on the use of the cross-correlation function (CCF) was
applied. CCF is a standard method of estimating the degree
to which two-time series are similar, and represents a useful
measure of strength and direction of the correlation between
two random variables (Wei, 2006). In this work, the Normal-
ised Cross-Correlation Function (N-CCF) was considered: it is
a popular and easily implemented metric that well follows
the rapid changes and the amplitude of two compared sig-
nals, and makes it possible to evaluate both the degree of
similarity between couples of compared datasets or images
and the eventual time shift and delay between two-time
series (Tsai et al., 2003; White and Peterson, 1994). N-CCF
has found applications in a broad range of the earth sciences
such as seismicity, meteorology, and hydrology (Campillo and
Paul, 2003; Capello et al., 2016; Mc Millen, 1987; Thouvenot
et al., 2016). N-CCF is defined as:

N-CCF ¼ C12ðtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C11ð0ÞC22ð0Þ

p ; (1)

where

C12ðtÞ ¼
Z þ1

�1
a1ðtÞa2ðt þ tÞdt; (2)

where a1(t) and a2(t) are the two time series.
When dealing with digital data, the discrete (or digital)

cross-correlation function is used and it is defined as:

Cxv ¼
X1

m¼�1
xðmÞyðm þ lÞ; (3)

where x(m) and y(m) are the two discrete-time signals.
The maximum value of the N-CCF (hereafter, the cross-

correlation level or similarity level) measures the similarity
between signals as a function of the lag of one relative to the
other. The maximum correlation is when the maximum N-CCF
value is equal to 1, whereas an N-CCF value equal to 0 indi-
cates no correlation between signals.

Before the computation of the N-CCF, the time series data
were processed applying the following procedure: (a) re-
sampling to the common frequency of 0.0027778 Hz (the
sampling frequency of the V-ADCP data) through an inter-
polation using a 4th degree polynomial (Scherbaum et al.,
1999); (b) extraction of a continuous time window common to
both the wind and current series [the period from 15:05 of
the 31st December 2012 to 14:00 of the 16th April 2013 was
selected: in this time-period, the complete (without gaps)
time series of observations recorded by both V-ADCP and
weather station of Giglio Porto were available]; and (c) offset
removal (e.g. removing from the time series the average
value of all points).

The cross-correlation function was computed in order to
assess the possible relationship between: (a) current velocity
and direction measured at different depths (10 m and 18 m,
10 m and 30 m, 10 m and 50 m, 10 m and 70 m); (b) wind
velocity and current velocity measured at different depths
(10 m, 18 m, 30 m, 50 m, and 70 m); (c) prevailing direction
of wind and direction of current measured at different depths
(10 m, 18 m, 30 m, 50 m, and 70 m); and (d) sea level and
current direction measured at 10-m depth.

4. Results

4.1. Current variability from moored
measurements

The monthly mean current velocities (Fig. 4) show a pro-
gressive increase from August 2012 (81 mm s�1 in the surface
layer at buoy C1) to the autumnal and winter months
(251 and 165 mm s�1 of maxima measured in the surface
layer at buoy B1 in November and December 2012, respec-
tively), with a subsequent decrease in summer 2013
(84 mm s�1 in the surface layer at buoy B1). A progressive
decrease of current velocity was also visible analysing
data from the surface layer (10-m depth) to the bottom
layer (70-m depth) in the water column. Below the 50-m
depth, the monthly mean current velocity attenuates and
the maximum values decrease to values slightly higher than
100 mm s�1 (maximum monthly mean value of 136 mm s�1

was observed in November at buoy B1).
The maximum current velocity events (velocity >

500 mm s�1 at the 10-m depth; Fig. 5) were recorded from
the 27th November to the 3rd December 2012 (showing a
maximum of 708 mm s�1), on the 6th—7th and on the 18th
March 2013 (showing a maximum of 816 mm s�1).

With regard to the current direction, some differences
were found among the values measured moving from the
surface layer to the bottom in the four seasons. In fact, in the
surface layer (10-m depth; Fig. 6a), currents were sharply
oriented towards NNW and SSE, whereas moving to the
bottom of the water column this effect tended to disappear
and the current direction became more widespread (Fig. 6b).
Analysing the data recorded at the different depths as a
function of the seasons (Fig. 6a and b), it was possible to
highlight a seasonal behaviour of current direction. In sum-
mer and spring, the prevailing current directions were SE
with a smaller portion of NNW directions at the surface
(Fig. 6a), while the SSE direction prevails with the greater
depth (Fig. 6b). In autumn and winter, the currents are
mainly oriented towards NNW in the whole water column,
and at 50 and 70-m depths, there is a reversal of the direction
with a slight prevalence of SSE near the bottom (Fig. 6b).

4.2. Variability in sea level

The sea level trend shown in Fig. 7 highlights the irregular
behaviour shown by the sea level as a function of time. The



Figure 4 Monthly mean current intensities [mm s�1] measured at 5 different depths in the water column (10, 18, 30, 50, and 70 m) at
buoy C1 (grey) and B1 (black). Data of May 2013 are not available as well as data of July 2013 at 10-m depth.
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sea level data, recorded at the weather station of Giglio
Porto, ranged between �0.33 m and 0.49 m. Two minimum
values (�0.31 and �0.33 m) were recorded on the 29th
December 2012 and the 28th February 2013 in the presence
of a strong N and light SW—SE wind, respectively, and a full
moon (28th December 2012 and 26th February 2013). While
two positive sea level peaks of 0.41 and 0.49 m (seiches),
observed on the 27th and 31st October, respectively,
were produced by persistent bad weather conditions,
characterised by low atmospheric pressure, a strong SSE
wind, rough seas and heavy precipitation, in conjunction
with a full moon (30th October). Maximum sea level
variations were recorded in autumn and winter, while
minimum variations were observed during late spring
and summer.

The main tidal harmonic constituents are reported in
Table 3: the main lunar semi-diurnal (M2) prevails over the
other constituents with an amplitude of 10.5 cm, four times
stronger than the amplitude of the major diurnal constituent
(K1).



Figure 5 Current velocity distribution measured at 10-m depth during the entire measure period. The dotted line shows the current
velocity of 500 mm s�1.
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4.3. Seasonal variability in winds

Wind velocity measured at the weather station of Giglio Porto
ranged between 0 and 16.6 m s�1 and showed a monthly
mean of 3.2 m s�1 in summer and of 4.9 m s�1 in winter
(Fig. 8). Considering only the case of wind velocities higher
than the mean value of the near gale velocities (15 m s�1)
according to the Beaufort Scale, only five events of significant
wind were recorded in autumn and winter. The highest wind
velocity was recorded on the 11th November 2012 during a
robust anticyclonic front characterised by SE-oriented winds.

The rose diagrams (Fig. 9) reporting wind measurements
show that winds originate mostly from two directions, SE and
NNW; the strongest winds come from the SE. A SW wind
direction is also visible mainly looking at the wind gusts
diagram.

It is also possible to note some seasonal variation in the
wind direction; in summer, winds come mainly from the NNW;
in autumn, the predominant origin direction is the SE; in
winter, the strongest winds come from the SE, whereas
weaker winds come from the NW; in spring, the two prevail-
ing directions (NNW and SE) are present, with a slight pre-
valence of the SE direction.

5. Data correlation results

Fig. 10 shows the results of the Normalised Cross-Correlation
Function (N-CCF; Eq. (1)) obtained considering current velo-
cities measured at different depths (Fig. 10a) and those
resulting from correlating wind velocities and current velo-
cities measured at different depths (Fig. 10b).

The time series of current velocities measured at different
depths (Fig. 10a) exhibit a similarity level, which tends to
decrease as the difference between measuring depth
increases (y-axis of Fig. 10a); in fact, the cross-correlation
level between the current velocity values measured at the
10-m depth and those measured at the 18-m depth is equal to
0.82, whereas for the data measured at the 10-m depth and
at the 70-m depth the similarity decreases to 0.36.

It should be noted that the time shift (x-axis of Fig. 10a) in
current velocity values measured at different depths changes
too. Data measured at the 10-m depth and the 18-m depth
are not phase-shifted, whereas the time shift between data
measured at the10-m depth and the 70-m depth is equal to
about 1 h and 30 min (�1.5 h). Similar results are obtained by
evaluating the similarity level between current directions
measured at different depths (not showed in Fig. 10).
Between directions measured at the10-m depth and those
measured at the 18-m depth it is possible to observe 0.52 of
similarity, while the similarity decreases to 0.16 when
the data of the 10-m depth were compared to the data of
the 70-m depth.

The correlation between the wind and current (time ser-
ies) was extremely low (Fig. 10b). It was lower than 0.20 for
the velocity data (Fig. 10b) and 0.10 for the direction data.
This result shows that the wind does not seem to be related to
the current velocity or rather the wind does not significantly
influence the velocity and direction of the current.

In order to better investigate the correlation between the
wind and current, a further analysis was performed estimat-
ing the N-CCF between wind velocity and current velocity
measured at the 10-m depth for three events characterised
by a wind velocity peak greater than 15 m s�1 (the mean
velocity of the near gale wind; Figs. 11—13). In particular,
three sub-windows with duration of approximately five days,
around the 12th February 2013, the 7th March 2013, and the
18th March 2013, were analysed. Considering only these
events, the correlation between the wind and current velo-
city significantly increased with respect to the previous
analysis (performed considering the entire recording period),
showing similarity levels greater than 0.50 (panel c in
Figs. 11—13). The time shift between the wind and current
velocities was very different in the three different cases. In
fact, in the first case (Fig. 11), the time shift was equal to 4 h
ca, in the second case (Fig. 12) it was 21 h, and in the third
case it was 12 h ca (Fig. 13).

Other important experimental evidence concerns the
relationship between the wind and current direction
observed during these three events. In correspondence of
maximum values of the wind and current velocity (high-
lighted in Figs. 11—13 by the dashes), a relationship between
a SSE wind (e.g. “Scirocco” 1358—1808) and a N current is
visible. It must be noted that the events of strong wind
extrapolated from the study period are all analogous, that
is all come mainly from the SSE, and therefore, it is not
possible to analyse other cases of strong winds with different
directions. In Figs. 11—13 (panels b and e), it is possible to
note an inversion of the current direction at the end of the
wind action and the consequently variation in the current
velocity: the current direction switches suddenly from the
NW to the SE as if the system unbends at the forcing end.

The last analysis has been performed computing the N-CFF
between the sea level data and the current direction
measured at the 10-m depth. These two signals appear
uncorrelated (similarity level lower than 0.10).



Figure 6 (a) Seasonal diagrams of current velocity and direction distribution measured at 10, 18 and 30-m depth from the 28th
August 2012 to the 7th July 2013. Current direction, following oceanographic convention, is the direction to which the currents are
going. (b) Seasonal diagrams of current velocity and direction distribution measured at 50 and 70-m depth from the 28th August 2012 to
the 7th July 2013. Current direction, following oceanographic convention, is the direction to which the currents are going.
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Figure 7 Hourly (in black) and daily mean (in orange) sea level [m] measurements recorded at the weather station of Giglio Porto
between August 2012 and July 2013. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Figure 8 Top panel: wind velocity measured at Giglio Porto between August 2012 and July 2013; the black dash line shows the mean
value of the near gale wind (15 m s�1). Bottom panel: monthly mean (black) and maximum (grey) values of wind velocity [m s�1].

Table 3 Tidal semi-diurnal and diurnal harmonic constituents (M2, S2, K1, and O1) of Giglio Porto expressed in amplitude (in cm)
and phase (in degree, 8) and calculated between 29/08/2012 and 07/07/2013.

This study (Giglio Porto, Italy) M2 S2 K1 O1

Period 29/08/2012—07/07/2013 10.5 cm, 2588 3.8 cm, 2798 2.6 cm, 1998 1.3 cm, 1218
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Figure 9 Rose diagrams showing the velocity and the direction of prevailing wind (left panel) and the maximum velocity and
direction of gusts (right panel). The wind direction is here defined as the direction from which the wind is coming. Data are measured
every 10 min at the weather station of Giglio Porto during the study period.
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6. Discussion

The irregular trend of the sea level measured at the weather
station of Giglio Porto highlighted the combined action of
meteorological forcing (autumn-winter waves, atmospheric
pressure and winds) and the astronomical tidal components
(Earth-Moon-Sun gravitational relationship). Tidal amplitude
was in accordance with the general range of the Tyrrhenian
Sea (Alberola et al., 1995; Ferrarin et al., 2013). The main
Figure 10 Normalised Cross-Correlations (N-CCF) obtained consid
measured at 10 and 18 m (red), 10 and 30 m (green), 10 and 50 m (b
velocity measured at different depth [10 m (red), 18 m (green), 30 m
are expressed in a 0—1 scale (y-axis), where 1 corresponds to the per
scale of panel b is zoomed to 0.3 to better show the results. (For in
reader is referred to the web version of this article.)
tidal harmonic constituents found at Giglio Porto retraced
the values found by both Polli (1955) at Civitavecchia harbour
(Lazio, central Tyrrhenian Sea) and Androsov et al. (2002) at
the Scylla station (northern Strait of Messina, Sicily, southern
Tyrrhenian Sea) in both amplitude and phase, although our
data set did not cover a full year. On the contrary, the Giglio
Porto constituents were significantly different from those
found in other seas (such as the Adriatic Sea; Janekovíc and
Kuzmíc, 2005) or the Atlantic Ocean (Fanjul et al., 1997) due
ering (a) current velocity measured at different depth [current
lue), and 10 and 70 m (pink)], and (b) wind velocity and current

 (blue), 50 m (pink), and 70 m (cyan)] in the whole period. Values
fect correlation level, and 0 to the absence of correlation. The y
terpretation of the references to color in this figure legend, the



Figure 11 Analysis of the relation between wind and current during the period 9th—15th February 2013. (a) Wind velocity data, (b)
current velocity data measured at 10 m depth, (c) Normalised Cross-Correlation Function (N-CCF) obtained considering wind and
current velocity at 10-m depth, (d) wind direction data, and (e) current direction data at 10-m depth.

Figure 12 Analysis of the relation between wind and current during the period 3rd—9th March 2013. (a) Wind velocity data, (b)
current velocity data measured at 10 m depth, (c) Normalised Cross-Correlation Function (N-CCF) obtained considering wind and
current velocity at 10-m depth, (d) wind direction data, and (e) current direction data at 10-m depth.
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Figure 13 Analysis of the relation between wind and current during the period 16th—22nd March 2013. (a) Wind velocity data, (b)
current velocity data measured at 10 m depth, (c) Normalised Cross-Correlation Function (N-CCF) obtained considering wind and
current velocity at 10-m depth, (d) wind direction data, and (e) current direction data at 10-m depth.
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to the different characteristics and dynamics that influence
these water basins.

The results found in the area under study retrace the well
known surface circulation characterised by the predominant
movement of the water masses along a NW—SE direction
(Schroeder et al., 2011), corresponding to the NNW—SSE
orientation of the major axis of the Giglio Island and the
channel between the island and the mainland (western coast
of the Italian peninsula). This characteristic of the flow is
evidence of the importance of the topography and morphol-
ogy of the area (presence of islands, canyons, headlands,
etc.) on the current regime (Gravili et al., 2001). The pre-
dominance of NW currents in winter and autumn is also
induced by the corresponding overall cyclonic Tyrrhenian
circulation (Iermano et al., 2016), whereas the frequent
inversions of current direction in summer and spring may
be related to episodes of Tyrrhenian current reversal (Gravili
et al., 2001).

The inter-seasonal and daily variations in both velocity
and direction of currents confirm the short period variability
of the flow already found in the Tyrrhenian basin on a greater
scale by Pierini and Simioli (1998), and subjected to study as a
distinctive feature of oceanic basins.

The study of the interactions between external forcing
processes and water mass circulation is typically carried out
with numerical model simulations (Dumas et al., 2012;
Lovato et al., 2010; Molcard et al., 2002; Pierini and Simioli,
1998) or the application, for example, of the Fourier or
Wavelet transforms (Fontán et al., 2009; Lovato et al.,
2010). The use of the NCCF in our case allowed us to highlight
some of the main characteristics of the current structure and
behaviour in relation to external forcing. In fact, the decreas-
ing similarity level in velocity and direction and the time shift
in the currents with increasing depth can be evidence of both
Ekman's theory (Bjerknes, 1964) and the time necessary for a
boundary-forcing current to make a local barotropic adjust-
ment (Gravili et al., 2001).

In general, as in the case of currents, the prevailing wind
directions were shown to agree with the NNW-SSE orientation
of the island's major axis and also the position of the weather
station on the breakwater of Giglio Porto that is protected
from winds from the western quadrants by the presence of
the island. The direction (NNW-SSE) of the dominant wind is
seasonally variable over the Giglio Island shelf, in accordance
with the circulation (with opposite directions), as happens in
the entire Tyrrhenian Sea (Pierini and Simioli, 1998). Never-
theless, on a long-time scale, the winds and currents do not
seem to be correlated parameters in term of velocity and
direction, as found in other cases on the continental shelf
(e.g. south-eastern Australia; Wood et al., 2016). This con-
dition is the opposite of what was found, for example by
Lentz (2007) and Liu and Weisberg (2012), on the Middle
Atlantic Bight and West Florida continental shelves, respec-
tively, where the winds are seasonally consistent and gen-
erate steady seasonal responses in the circulation. Our
results were also in contrast with what was found by Chen
et al. (1996) over the Texas-Louisiana shelf, where the
correlation between the along-shore currents and wind stress
increases close to the coast. In addition to the wind beha-
viour, these differences can derive from the morphology of
the shelf and the coasts and the effect of the prevailing large-
scale circulation (Fontán et al., 2009; Liu and Weisberg,
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2012; Wood et al., 2016), such as in our case the general
Tyrrhenian circulation affects the current measured at the
Giglio Porto buoy.

However, strong wind episodes (velocity > 15 m s�1) over
a limited period of observation seem to be able to influence
the current velocity pattern creating a cause-effect relation-
ship that prevails in the action of the Tyrrhenian circulation.
As already found by Li et al. (2014) in the Gulf of Maine
(U.S.A.), the mean coastal current centred near the 100-m
isobath can deviate fairly frequently due to effects of wind
forcing and small-scale baroclinic structures. The effect of a
strong wind on current velocity could be also be facilitated by
the homogeneity of the water column; in fact, all the three
cases studied took place in winter, when the water column
was not yet stratified by the spring and summer warming of
the atmosphere (Iermano et al., 2016).

Starting from the elaboration reported in Figs. 11—13, it
was noted that without external forcing (e.g. strong wind),
near the coast, the current direction reverses by 1808 (e.g.
counter-current) with respect to the Tyrrhenian flux, while
on the occasion of a strong wind from the SE, also near the
coast, the current direction alters to the North. This condi-
tion was also noted by Gravili et al. (2001) in the Gulf of
Naples (south-eastern Tyrrhenian Sea), where a two-day
interval of NW flow was followed by a rapid linear transition
to an opposite flux.

The sea level and the current direction are not correlated,
confirming the low influence of this phenomenon on the
water masses in the Tyrrhenian basin, at least at the short
distance from the coast that the buoy was located (Clarke
and Battisti, 1981). Both the irregular sea level trend and the
prevalence of the semi-diurnal M2 constant on the major
diurnal constituents supports the argument that the tide
does not have an evident and quantifiable (with the cross-
correlation use) effect on the current. Therefore, the sea
level is influenced by both the general Tyrrhenian circulation
and the influence of the wind, phenomena of high intensity
and long duration.

7. Conclusions

Thanks to the monitoring plan carried out during the removal
operation of the Costa Concordia wreck at Giglio Island
(Italy), in situ observations (August 2012—July 2013), includ-
ing continuous current measurements and wind and sea level
recordings, were used to study the variability of these phe-
nomena near the island coasts in the Tyrrhenian basin.

The results showed a significant inter-seasonal variability
in both local wind and current velocity, and also in their
directions despite the fact that they are mainly forced to
move in a NW—SE direction by the presence of the island. The
currents are principally dominated by the general Tyrrhenian
circulation, and only partially affected by the wind (only in
strong wind cases), while the sea level has no effects on the
current regime due to its low intensity.

The N-CCF is a metric commonly used to evaluate the
degree of similarity between two signals, and is usually
applied to seismic, hydrological and meteorological studies
in the Earth sciences, but it seems to be a useful tool for
oceanographic studies and analysis of the physical processes
driving the local circulation and the relationship with forcing
factors. In fact, our contribution, with the N-CCF applied to
the influence of the boundary forcing (wind and sea level) on
the currents, provided evidence that can highlight and
explain cause-effect relationships such as, for example, in
the case of the high levels of correlation found between
strong SE winds and currents or the absence of a correlation
between currents and sea level.

Within this context, further analysis will be necessary to
investigate the correlation level between currents and other
directions of strong winds (e.g. NE and SW) measured at the
Giglio Island to analyse the behaviour of the currents to these
types of stress. Furthermore, the application of this method
to other study cases in other locations with different oceano-
graphic characteristics will allow us to confirm the usefulness
of the N-CCF in oceanographic studies.
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Summary The Levantine basin in the Eastern Mediterranean Sea is subject to spatial and
seasonal variations in primary production and physical-chemical properties both on a short and
long-term basis. In this study, the monthly means of daily MODIS product images were averaged
between 2002 and 2015, and used to characterize the phytoplankton blooms in different
bioregions of the Levantine basin. The selected products were the sea surface temperature
(SST), the chlorophyll-a concentration (Chl-a), the diffuse attenuation coefficient for down-
welling irradiance at 490 nm (Kd_490) and the colored dissolved organic matter index (CDO-
M_index). Our results showed that phytoplankton blooms were spatially and temporally variable.
They occurred in late autumn at the Nile Delta, in early spring and late summer at the eastern
coastline, and in spring at the northeastern coastline. The northern coastline and the open water
had a common bloom occurring in winter. The Nile Delta was found to be the most productive area
of the Levantine basin showing high Chl-a. Kd_490 and Chl-a present a parallel co-variation
indicating a dominance of Case 1 waters in the Levantine basin. The CDOM_index shows a phase
shift with the Chl-a fluctuation. A strong inverse correlation was observed between both Chl-a and
CDOM_index with SST, connoting an indirect relation represented by a depression of CDOM in
summer by photobleaching, and a suppression of the chlorophyll-a concentration due to water
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stratification, together with nutrient stress. An overestimation of the Chl-a values had been
signaled by the use of the CDOM_index, suggesting a correction plan in a latter study.
© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Mediterranean Sea is a semi-enclosed basin, covering
approximately 0.8% of the world's ocean surface area.
Although it has limited geographical dimensions, it is consid-
ered one of the most complex marine environments where
little is known with regard to circulation dynamics, biogeo-
chemistry and biological activity (Tanhua et al., 2013). The
Mediterranean Sea presents a deficit in hydrological balance,
as evaporation exceeds the supply of fresh water from streams
and precipitation. This deficit is partially compensated by the
inflow of Atlantic waters through the Strait of Gibraltar. This
results in fresh, nutrient-poor surface flow into the basin with
saltier, nutrient-richer deeper water outflow through the
Strait of Gibraltar (Bethoux et al., 1992). Hydrological differ-
ences along the basin cause the presence of an increasing
oligotrophic gradient from west to east.

The Eastern Mediterranean behaves in a similar manner,
with surface inflow and deeper water outflow through the
Straits of Sicily. This results in a west to east gradient of
decreasing surface chlorophyll-a concentration (Chl-a) (Tur-
ley et al., 2000) that was observed from space (Antoine et al.,
1995), with the Eastern Mediterranean Levantine waters
exhibiting highly oligotrophic conditions. As a result, surface
Chl-a in the Levantine basin normally don't exceed
0.4 mg m�3 (Abdel-Moati, 1990; Dowidar, 1984; Krom
et al., 1991; Yacobi et al., 1995) except near the Nile Delta
coast and other adjacent coasts where it can reach up to
80 mg m�3 (EIMP-CWMP, 2007).

The Levantine basin regroups the Egyptian northern coast
where the Nile River discharges on its delta, the Sinai Penin-
sula's northern coast, the Israeli coast, the Lebanese coast,
the Syrian coast, the southern Turkish coast and the coast of
Cyprus. This region is nourished by small water streams, and
the Nile River.

The knowledge of the space and time heterogeneity of
phytoplankton growth in oligotrophic to ultra-oligotrophic
conditions is essential to understand the marine ecosystem
dynamics (Mann and Lazier, 2006). In the last decade, remote
sensing of surface optical properties has provided synoptic
views of the abundance and distribution of sea surface con-
stituents, such as the concentration of Chl-a pigments (Su
et al., 2015). Nowadays, many studies showed that time series
of remotely sensed data can provide information on phyto-
plankton growth patterns, and related environmental condi-
tions, to serve in situ assessments of ecosystem dynamics over
wide space and time scales (Brando et al., 2012; Devlin et al.,
2012; Kennedy et al., 2012; Schroeder et al., 2012).

The aim of the present work is to assess recurrent algal
blooms in the Levantine basin, by using optical remote
sensing data. To this end, a time series of data collected
by the MODIS Terra and Aqua missions was selected to explore
the large-scale, long-term features of the Chl-a fields in the
Levantine basin, between 2002 and 2015. In the following the
MODIS-derived multi-annual database, used here to examine
the variability of the Chl-a field at a monthly and climato-
logical scale, will be introduced, together with a statistical
application. Finally, the spatiotemporal patterns emerging
from this analysis will be discussed, simultaneously with
other MODIS remotely sensed parameters; sea surface tem-
perature (SST), colored dissolved organic matter index (CDO-
M_index), and the diffuse attenuation coefficient for
downwelling irradiance at 490 nm (Kd_490) and compared
to previous studies results.

2. Material and methods

The MODIS Terra and aqua daily Level 2 products of SST, Chl-a,
CDOM_index and Kd_490 computed with sensor standard
algorithms from 2002 till 2015 were provided by the ocean-
color.gsfc.nasa.gov portal.

The standard OC3 algorithm returns the near-surface Chl-
a in mg m�3 at a spatial resolution of 1 km, calculated using
an empirical relationship derived from in situ measurements
of Chl-a and blue-to-green band ratios of water-leaving
remote sensing reflectances (Rrs) developed by O'Reilly
et al. (1998) and can be expressed as the following:

log10ðChl-aÞ ¼ 0:2424�2:7423R þ 1:8017R2

þ 0:0015R3�0:1228R4 (1)

with

R ¼ log10
MaxðRrs443; Rrs488Þ

Rrs547

� �
: (2)

The empirical algorithm OC3M is an adapted form for MODIS,
developed from SeaWiFS OC2 and OC4 algorithms.

Level 2 satellite-to-in situ match-up validation results are
available for MODIS from the validation tool of the SeaWiFS
Bio-Optical Archive and Storage System (SeaBASS), showing a
global correlation coefficient above 0.75 with a
RMSE = 0.3 mg m�3. For this study, the same standard sensor
algorithm was used for waters differing in the degree of
eutrophication.

For the SSTestimation, the satellite measurement is made
by sensing the ocean radiation in two or more wavelengths
within the infrared part of the electromagnetic spectrum
which can then be empirically related to SST. In this case, the
MODIS SST product provides sea surface temperature [8C] at a
spatial resolution of 1 km.

The Kd_490 (in m�1, 1-km spatial resolution) is calculated
using an empirical relationship derived from in situ spectro-
radiometric data from oceanographic stations of Kd_490 and
blue-to-green band ratios of remote sensing reflectances
(Rrs) belonging to a wide variety of water types (Austin
and Petzold, 1981).
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The sensor default algorithm can be expressed as the
following:

KD2M : log10ðKbioð490ÞÞ ¼ �0:8813�2:035R þ 2:5878R2

�3:4885R3�1:5061R4; (3)

Kd490 ¼ Kbioð490Þ þ 0:0166 (4)

with

R ¼ log10
Rrs488
Rrs547

� �
: (5)

Examining the consistency of the empirical algorithm has
been the object of many studies (Lee, 2005; Morel et al.,
2007; O'Reilly et al., 2000; Werdell and Bailey, 2005; Yeh
et al., 1997).

And last, Morel and Gentili (2009) stated that the CDOM
absorption coefficient, noted a, tends to increase with
increasing Chl-a in a non-linear manner, according to:

að400; Chl-aÞ ¼ 0:065 Chl-a0:63: (6)

A quantitative way of analytically showing the relationship
when the CDOM—[Chl] proportions change, consists of impos-
ing deviations from the equation above, by introducing a
factor larger or lesser than unity, noted as CDOM_index:

að400; Chl-aÞ ¼ CDOMindex0:065 Chl-a0:63: (7)

The a values for the other wavelengths of interest are:

að412; Chl-aÞ ¼ CDOMindex0:0524 Chl-a0:63; (8)

að440; Chl-aÞ ¼ CDOMindex0:0316 Chl-a0:63; (9)

að490; Chl-aÞ ¼ CDOMindex0:0129 Chl-a0:63; (10)

að555; Chl-aÞ ¼ CDOMindex0:004 Chl-a0:63: (11)

The colored dissolved organic matter index (Level 2, 1-km
resolution) quantifies the deviation in the relationship be-
tween the absorption of CDOM and Chl-a, where 1 represents
the mean for Case 1 waters, and values above or below
1 indicate excess or deficit in CDOM (Morel and Gentili,
2009). Its primary purpose is to correct chlorophyll retrievals
as the index provides a direct estimate of a deviation index,
described as the ratio between the actual CDOM content and
the normal content, expected in Case 1 waters from the local
chlorophyll concentration. Therefore, the index value above
or below 1 can indicate an underestimation or overestimation
of the estimated Chl-a using the standard sensor algorithm.
The only validation work was performed by Morel and Gentili
(2009) following the algorithm retrieval.

A selection of 4173 daily images was performed for each
product while merging both MODIS Terra and Aqua daily
images in order to select and retain the maximum of best
quality pixels. The selection of these pixels was possible due
to many quality Level 2 flags and masks suggested on SeaDas,
complying with the masks used for the Level 3 binned
products on the oceancolor.gsfc.nasa.gov portal. The binning
process is based on the NASA SeaWiFS binning operator, giving
the ability to aggregate the pixel data into arithmetic mean
while confining to each pixel its place in a Level 3 grid using a
geographical information system. While calculating the
arithmetic mean, the quality flags and masks allow excluding
the pixels that are affected by clouds, sunglint, very high
radiance, straylight contamination, low water leaving radi-
ance, algorithm failure, atmospheric correction failure and
suspected navigation quality. In the end, the output that
emerges from this process is a time series of binned monthly
images with a resolution of 1 km2.

3. Information retrieval

Lavender et al. (2009) have conducted a research over the
Egyptian continental shelf to assess the temporal shifts of the
chlorophyll level in this region and detect the Nile's bloom
between 1997 and 2006. In order to detect the surface Chl-a
variability and its spatial changes across the Delta shelf, the
area was divided geographically into two bio-geographical
areas, the inner (0—50 m depth) and outer (50—200 m depth)
shelf, based on knowledge of the biophysical regimes (effects
alongshore currents and surface run-off on quality and pro-
ductivity of coastal water off the delta coast).

Therefore, a similar division was applied in this study, on
the Nile delta's shelf and on the Gulf of Iskenderun due to the
presence of a large continental shelf, while also adding an
open water zone (>200 m in depth) as a bio-geographical
area. Along the eastern and northern coastlines, an addi-
tional bio-geographical area was also created: from 0 till
200 m in depth, regarding the narrowness of the continental
shelf and the number of pixels covered by this area (Fig. 1).

In order to determine each subdivision's ocean color char-
acteristics, a bathymetry image (ETOPO-1 bedrock) is used to
limit each subdivision in a drawn bathymetry mask using ArcGIS
10. ETOPO1 is an arc-minute global relief model of Earth's
surface that integrates land topography and ocean bathymetry.
It was built from numerous global and regional data sets and
provided by NOAA agency and acquired from ngdc.noaa.gov.

The calculated average of every subdivision for each of
the parameters was done using ArcGIS 10 while extracting the
value of the pixels averaged under each of the bathymetry
mask, and followed by a statistic study performed on SPSS
statistics 20. The latter consists on the retrieval of the
maxima, minima, average, and standard deviation of the
parameters time series for each subdivision. A Pearson cor-
relation study was performed via pairing the time series of
Chl-a and Kd_490, Chl-a and CDOM_index, Chl-a and SST and
finally CDOM_index and SST for each subdivision.

4. Results

4.1. Statistical and climatology results

The biogeographic subdivisions were applied on the com-
puted monthly images of SST (Fig. 2), Chl-a (Fig. 3), CDO-
M_index (Fig. 4) and Kd_490 (Fig. 5) in order to assess the
variation of these features monthly between 2002 and 2015.

The recordings of the sea surface temperature between
2002 and 2015 follow an annual cycle with the lowest tem-
peratures in February and March and the highest tempera-
tures in July and August. In this time laps, the lowest monthly
sea surface temperature average recorded was on February



Figure 1 The Levantine basin subdivided into biogeographic regions using ETOPO-1 bathymetry map.
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2004 with 16.518C, and the highest monthly temperature
average recorded was on August 2012 with 29.228C.

The monthly averaged Chl-a (Fig. 6) shows a seasonal
rhythmicity in open water, but it is altered while moving to
the coast, characterized with higher Chl-a and turbid waters.
These results show that the monthly climatology of Chl-a
(Fig. 7) is different for each biogeographic subdivision. For
instance, the southern coastal region is characterized by an
increase of Chl-a in late autumn, reaching a maximum mean
of 2.8 mg m�3 in December 2010, whereas in the eastern
coastal region the Chl-a peak is observed in late winter,
recording a peak of 1.28 mg m�3 in April 2006, and early
autumn, reaching a maximum mean of 1.1 mg m�3 in Sep-
tember 2005. In the Gulf of Iskenderun and Mersin Bay, the
Chl-a peak is observed in spring, reaching a maximum mean of
3.8 mg m�3 in April 2012, followed by a slight increase in late
summer, and in the northern coastal region the Chl-a reach a
maximum in winter, at 1.1 mg m�3 in February 2009. Finally,
in the open water region, the Chl-a peak is observed in winter,
reaching a maximum mean at 0.33 mg m�3 (Table 1).
The monthly average of the Kd_490 ranges between
0.2 m�1 (22.5 m of euphotic depth) in December 2010 and
0.12 m�1 in June 2007 near the delta, 0.11 m�1 in April 2006
(41 m of euphotic depth) and 0.04 m�1 in May 2014 near the
eastern coast, 0.27 m�1 (16.7 m of euphotic depth) in April
2012 and 0.08 m�1 in March 2014 at the Gulf of Iskenderun
and Mersin Bay, 0.1 m�1 (45 m of euphotic depth) and
0.03 m�1 in July 2014 at the northern coast (Table 1).

The CDOM_index values are all above 1, fluctuating
between 2 and 5.78. The index shows that the highest overall
mean is recorded on the southern inner shelf with 4.25. Yet
the correspondent variability within the series from 2002 till
2015 is the least, recording a standard deviation of 0.54. On
the other hand, the lowest mean is recorded on the northern
shelf, with an index of 3.17, and with the highest correspon-
dent standard deviation of 0.86 within the time series. While
observing the CDOM_index climatology images, a preeminent
cluster of high CDOM_index is visible at the southern outer
shelf and at the northeastern outer shelf and some regions
witness a seasonal CDOM_index fluctuation (Table 1).



Figure 2 Monthly climatology sea surface temperature averaged using Level 2 SST data from MODIS Aqua and Terra, over the
14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i)
September, (j) October, (k) November, (l) December].
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The climatology monthly average calculated for each
parameter for the Levantine basin (Fig. 8) shows that the
Chl-a and Kd_490 are covariant, drawing a similar behavior
recording the highest values in February, and the lowest in
July. Whereas the CDOM_index is ahead with a one-month
phase shift, showing a maximum index value in March and the
lowest value in September. The SST is inversely behaving
where the highest SST recorded in August and the lowest in
February.

4.2. Pearson correlation results

The correlation between the Chl-a and the attenuation
coefficient Kd_490 monthly means was highly significant in
all biogeographic subdivisions (above 0.9, significant at the
0.01 level) (Fig. 9).

The Chl-a and the colored dissolved organic matter index
monthly means were weakly correlated in the subdivisions (0;
�50 m). However, the correlation strengthens while passing
gradually to the open waters, representing a correlation
factor shifting from 0.009 and 0.128 at the shelf to a sig-
nificant 0.57 in the open waters. In addition, the correlative
analysis between the two products data (Chl-a, CDOM_index)
and the SST monthly means showed a high inverse correlation
factor while moving far from the coast, noting the passage
from 0.157 to a significant 0.759 between SST and Chl-a, and
from 0.088 to a significant 0.7 between SSTand CDOM_index,
significant at the 0.01 level (Fig. 9).



Figure 3 Monthly climatology chlorophyll-a concentration averaged using Level 2 Chl-a data from MODIS Aqua and Terra, over the
14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i)
September, (j) October, (k) November, (l) December].
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5. Discussion

5.1. Algal bloom patterns

The increase of Chl-a is a result of the phytoplankton heavy
multiplication inducing seasonal blooms. This occurs when
the climatic and biochemical factors are propitious, such as
the elevation of the SST, the increase of the sun irradiance
budget and the availability of nutrients such as phosphates
and nitrates (Krom et al., 2003).
The climatology images of Chl-a and the descriptive sta-
tistics show that the most productive regions of the Levantine
basin are the Nile's Delta, the Gulf of Iskenderun and Mersin
bay. This relatively high productivity is due to the higher
nutrient inputs (rivers and pollution sources) and the presence
of a larger continental shelf where the majority of the oceanic
burial of organic carbon occurs (Hedges and Keil, 1995; Pre-
muzic et al., 1982). The Chl-a climatology results showed a
seasonal cycle at the Nile Shelf, the Chl-a starts to arise in
autumn to reach a maximum in winter (February). This bloom
is accounted to the Nile flood that occurs each early autumn



Figure 4 Monthly climatology colored dissolved organic matter index averaged using Level 2 CDOM_index data from MODIS Aqua and
Terra, over the 14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h)
August, (i) September, (j) October, (k) November, (l) December].
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(Lavender et al., 2009). Adding to that, a maximum average of
2.75 mg m�3 is noted in February at the Nile delta, which is in
agreement with the study of Dowidar (1984) estimating a Chl-
a maximum of 2.8 mg m�3 observed in winter.

On the other hand, at the northeastern subdivisions where
the Gulf of Iskenderun and Mersin bay are located, the Chl-a
peaks exponentially indicating an early spring phytoplankton
bloom, due to the propitious climatic factors in this season,
and decrease gradually and slowly till winter. The slight
increase of Chl-a in August suggests the presence of an
autumnal bloom. This regime points at the richness of this
coastal zone, where the nutrient load is not a limiting factor.
The Gulf of Iskenderun and Mersin Bay are both situated in the
south of Turkey and are subjected to heavy anthropogenic
activities (Karakaya and Evrendilek, 2011; Yilmaz et al., 1992).
The increase in accumulating input of nutrients like nitrogen
and phosphorus via Ceyhan (Gulf of Iskenderun) and Yenice
(Mersin Bay) rivers and man-made run offs promotes phyto-
plankton and phytobenthos production (Yilmaz et al., 1992).

Meanwhile, the eastern and northern coastline is less
productive, compared to both the southern and northeastern
areas of the Levantine basin. This may be associated with the
presence of a narrow shelf with no prominent upwelling
phenomenon (Caddy, 1998) (Fig. 1).

In this study two conspicuous phytoplankton blooms were
observed at the eastern coastline: a spring bloom in March—



Figure 5 Monthly climatology diffuse attenuation coefficient for downwelling irradiance at 490 nm averaged using Level 2 Kd_490
data from MODIS Aqua and Terra, over the 14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e)
May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, (l) December].
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April and autumnal bloom peaking by the end of August. The
autumnal blooms are accounted to the regenerated nutrient
stuck in the upper layer of the sea after the settlement of the
summer thermocline. The average Chl-a concentrations near
the same coastal region ranged between 0.29 and 1.29 mg m�3

which is consistent with the results of Abboud-Abi Saab (1992),
Abboud-Abi Saab et al. (2008) and Azov (1986) at the eastern
coast, where Chl-a ranged between 0.1 and 1 mg m�3. Many
sites along the coast show higher values of Chl-a and Kd_490
within the climatology images. These sites correspond to
major cities and their seaports (Tartous in Syria, Beirut,
Jounieh and Sidon in Lebanon, Haifa, Netanya and Tel Aviv
in Israel), water stream estuaries and agricultural crops near
the coast (such as Al Hamidiyah in Syria). The combination of
these factors induces the fertilization of the coastal waters
and leads to an increase of the phytoplankton biomass and the
suspended particles abundance.

The northern coastline is less productive than any part of
the Levantine basin, due to nutrient depletion in this area.
This region is qualified of euphotic with low nutrient input;
this is reflected on standing stocks of phytoplankton and
hence on the Chl-a (Yilmaz et al., 1992).

In fact, the results of the chlorophyll-a imagery show a
single winter phytoplankton bloom, peaking in February in
the open water of the Levantine basin. This bloom seems to
be induced by the increase of solar irradiance and the



Figure 6 Monthly chlorophyll-a concentration averaged over the 14 studied years for each subdivided bioregion in the Levantine basin.
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availability of nutrients (Krom et al., 2003). In this study, the
short detected winter bloom in the open water is explained
by the basin's trophic level, where the phytoplankton bloom
is limited by the short nutrient availability after water mixing
in winter (Krom et al., 1991, 1992). This bloom ceases shortly
when the surface waters run out of nutrient. However, the
spatio-temporal variability of blooms detected in our study
on coastal regions is linked to the fertilization by nutrient
input originating from estuaries, coastal runoffs, and anthro-
pogenic activities, leading to an enhancement of the phyto-
plankton bloom.

5.2. Sea surface temperature and algal blooms

The correlation between the SST and Chl-a data shows a high
inverse correlation factor of 0.76 while moving far from
the coastal region. Fig. 8 draws an inverse Chl-a behavior
compared to the SST. Such result can be related to several
reasons such as photoacclimation, water stratification and the
Figure 7 Monthly climatology chlorophyll-a concentration average
Levantine basin.
optimum temperature of the blooming phytoplankton species
(Xing et al., 2014). Moreover, when surface waters are cold in
winter, deeper water rises to the surface bringing nutrients to
sunlit areas and leading to a phytoplankton bloom.

Low correlation factors between SST and Chl-a recorded
near the coastal area can be due to the land and anthro-
pogenic interference. Such interference affects the annual
blooming cycle via nutrient input originating from river run-
off, as well as from urban and agricultural point sources,
leading to an intensification of microbial activity coupled
with the blooming of phytoplankton communities near
affected areas.

5.3. Euphotic layer and algal blooms

The relationship between Chl-a and the attenuation
coefficient seems to be strong, showing a significantly high
correlation coefficient of 0.9 in all the subregions of the
Levantine basin. And adding to that, the Kd_490 monthly
d over the 14 studied years for each subdivided bioregion in the



Table 1 Descriptive statistics retrieved from the monthly images for the different biogeographic regions of the Levantine basin for
the studied parameters.

Descriptive statistics Minimum Maximum Mean Std. deviation

Southern region

Inner shelf (<50 m)

Chl-a [mg m�3] 1.40 2.75 2.06 0.31
Kd_490 [m�1] 0.12 0.20 0.16 0.02
CDOM_index 2.44 5.38 4.25 0.54

Outer shelf (50 m; 200 m)

Chl-a [mg m�3] 0.06 0.33 0.14 0.06
Kd_490 [m�1] 0.02 0.05 0.03 0.01
CDOM_index 2.68 5.77 3.68 0.68

Open water (>200 m)

Chl-a [mg m�3] 0.04 0.19 0.08 0.04
Kd_490 [m�1] 0.02 0.04 0.03 0.004
CDOM_index 2.18 4.82 3.22 0.69

Eastern region

Shelf (<200 m)

Chl-a [mg m�3] 0.29 1.29 0.67 0.18
Kd_490 [m�1] 0.04 0.11 0.07 0.012
CDOM_index 1.60 4.71 3.39 0.59

Open water (>200 m)

Chl-a [mg m�3] 0.05 0.33 0.11 0.04
Kd_490 [m�1] 0.02 0.05 0.03 0.005
CDOM_index 2.22 4.96 3.29 0.66

Northeastern region

Inner shelf (<50 m)

Chl-a [mg m�3] 0.67 3.5 1.65 0.63
Kd_490 [m�1] 0.08 0.27 0.13 0.03
CDOM_index 1.44 4.68 3.35 0.78

Outer shelf (50 m; 200 m)

Chl-a [mg m�3] 0.11 0.64 0.23 0.09
Kd_490 [m�1] 0.03 0.07 0.04 0.01
CDOM_index 2.33 5.78 3.72 0.71

Open water (>200 m)

Chl-a [mg m�3] 0.05 0.28 0.12 0.05
Kd_490 [m�1] 0.02 0.05 0.03 0.006
CDOM_index 2.23 5.05 3.52 0.74

Northern region

Shelf (<200 m)

Chl-a [mg m�3] 0.14 1.09 0.31 0.18
Kd_490 [m�1] 0.03 0.1 0.05 0.015
CDOM_index 1.3 4.81 3.18 0.86

Open water (>200 m)

Chl-a [mg m�3] 0.06 0.26 0.12 0.06
Kd_490 [m�1] 0.02 0.05 0.03 0.006
CDOM_index 2.09 5.48 3.65 0.65

162 R. El Hourany et al./Oceanologia 59 (2017) 153—165
climatology in Fig. 8 shows the same pattern variability as the
Chl-a in the Levantine basin, proving that the phytoplankton
cycle is the first to affect the depth of the euphotic layer. In
the same way, the majority of the Levantine's waters
correspond to Case 1 waters.
Figure 8 Chl-a, Kd_490, CDOM_index and SST monthly climatolo
Hotspots of turbid Case 2 waters are well indicated by the
high Kd_490 and Chl-a values, noting the Nile Delta where the
Nile enriches the zone with a high load of suspended materi-
als. The Chl-a appears to be related to suspended particulate
matter in high turbidity zones where the euphotic layer is
gy for the Levantine basin averaged over the 14 studied years.



Figure 9 Scatter plots and correlation coefficients of each paired parameters in the different biogeographic regions of the Levantine
basin.

R. El Hourany et al./Oceanologia 59 (2017) 153—165 163
shallow; algal blooms are induced by nonlimiting nutrients in
very turbid water (Cloern, 1987; Harding et al., 1986; Leh-
man, 1992; Pennock, 1985).

5.4. Colored dissolved organic matter and algal
blooms

The climatology monthly average of the Levantine basin
(Fig. 8) shows a conspicuous CDOM_index peak in March,
one month ahead of the Chl-a peak in February. The correla-
tion coefficient between the CDOM_index and Chl-a in this
study weakly strengthens while moving far from the coast.
This can be observed also via the rhythmic variability gained
by the averaged CDOM_index coinciding partially with the
rhythmicity of Chl-a within the Case 1 waters. Theoretically,
CDOM production is associated to the phytoplankton activity
in Case 1 waters, yet many results suggested the decoupling
of CDOM and phytoplankton both globally and regionally
(Morel et al., 2010; Siegel et al., 2002; Xing et al., 2014).
The elevation of CDOM_index to high index values can be due
to the riverine runoff and point source loads in coastal
regions. While in the open waters, the phytoplankton bloom
activity is the principal contributor to the index variability.
The latter decrease of the CDOM_index between May and
August can be mainly due to processes such as photobleach-
ing at a high solar radiation intensity (Xing et al., 2014) and
microbial activity (Coble, 2007). In fact, a high inverse
correlation factor was observed in our study between the
SSTand CDOM_index while moving far from the coast (�0.7).
This can be related to a surface CDOM depression by photo-
bleaching processes, referred as photodegradation or photo-
oxidation (Morel and Gentili, 2009; Xing et al., 2014), leading
to say that the CDOM variability seems to be also dependent
on the SST. Therefore, with the intensification of water
column stratification in summer, mixing of the surface layer
becomes limited by the installed thermocline; the CDOM load
caught within the unmixed surface layer is exposed to high
solar radiation, resulting in a significant photochemical
degradation, explained by the changes in florescent proper-
ties and absorbance losses (Zhang et al., 2015). And last in
September where the phytoplankton blooming starts to man-
ifest in most of the coastal areas, the CDOM_index arises.

The CDOM_index climatology images show abnormal
variability of the index in the open sea domain and high-
lighted by high index values (>3) with the highest values of
standard deviation. As the index represents the ratio
between the CDOM content and the Chl-a, a high index
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cluster was noted at the outer shelf of the Nile, the Gulf of
Iskenderun, Mersin bay and near the northern coast. These
regions can be classified as a transition from Case 2 to Case
1 waters where the Chl-a values are quite low, yet they are in
direct influence of coastal CDOM advection by surface cur-
rents. As a result, the ratio between the advected CDOM and
the Chl-a is increased in such areas. Moreover, the variability
of the CDOM and the Chl-a are supposedly related in the open
sea, and as a result, the index should be close to 1. Such high
mean values of the index in the open water bioregion indicate
an overestimation of low Chl-a by the standard sensor algo-
rithm while applied for the Levantine basin, referred as the
most oligotrophic domain in the Mediterranean Sea. Errors in
Chl-a estimation can be accounted to the application of
standard retrieval algorithms and standard atmospheric cor-
rections (Kowalczuk et al., 2010), which are mainly devel-
oped and validated using a global in situ database, reducing
the specificity of the algorithm.

6. Conclusion

In this work we assessed the algal blooms in the Levantine
basin, by using various optical remote sensing data from
2002 to 2015. Most of the Levantine basin's waters can be
classified as Case 1 waters where the Chl-a and Kd_490 are
co-variant, showing a strong relation between phytoplankton
blooms and the determination of the euphotic depth. The
CDOM and Chl-a were directly and indirectly related, as their
relationship is mainly affected by physical and biochemical
factors. The SST variability is inversely correlated to both
CDOM and Chl-a parameters, and the CDOM variability
seemed to be more related to the SST variation. In addition,
phytoplankton blooms were mainly winter blooms in the open
water of the Levantine basin. Spatial and temporal variability
of these blooms were observed near coastal regions due to
variations in the physical, biochemical and anthropogenic
factors.

The data derived from MODIS imagery is a consistent
source to study the temporal behavior. The overestimation
of Chl-a values highlighted by the CDOM_index should be
corrected. The problems of the lack of a proper atmospheric
correction model, the availability of in situ data, and the
complexity of the optical properties of the Levantine basin
waters will remain a limitation.
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Summary We suggest to transfer the empirical downscaling methodology, which was devel-
oped mostly for atmospheric dynamics and impacts, to regional ocean problems. The major
problem for doing so is the availability of decades-long and homogeneous and spatially detailed
data sets. We have examined the performance of the STORM multidecadal simulation, which was
run on a 0.18 grid and forced with 1950—2010 NCEP re-analyses, in the South China Sea and found
the data suitable. For demonstration we build with this STORM-data downscaling model for the
regional throughflow.

The STORM data is compared with AVISO satellite observations and the ocean re-analysis
dataset C-GLORS. We find the seasonal patterns and the inter-annual variability of sea surface
height anomaly in both the C-GLORS data and the STORM simulation consistent with the AVISO-
satellite data. Also the strong westward intensification and the seasonal patterns of South China
Sea circulation steered by the monsoon have been presented well. As an important indicator of
vertical movement, the sea surface temperature distribution maps are also very close, especially
for the narrow upwelling region in summer. We conclude that the output of the STORM simulation
is realistically capturing both the large-scale as well as the small-scale dynamical features in the
South China Sea.
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1. Introduction

As the largest semi-enclosed marginal sea located in the
southeast Asian waters, the South China Sea (SCS) covers
an area of about 3.5 million km2 in total, with an average
depth more than 2000 m and a maximum depth of about
5000 m. It is surrounded by China, Vietnam, Philippine
Islands, Malaysia and other countries. Via the Luzon Strait,
Taiwan Strait and the Strait of Malacca, it connects the Pacific
Ocean, East China Sea and Indian Ocean (Fang et al., 2006a,
b, 2012; Ho et al., 2000; Hu et al., 2000; Li et al., 2003).

Due to the influence of the East Asian monsoon system, the
SCS circulation represents significant seasonal characteris-
tics. Previous studies have been carried out to analyze the
features of the SCS circulation. Dale (1956) determined the
SCS surface circulation in winter and summer for the first
time from the ship drift data, which clearly revealed the
seasonal differences. Wyrtki (1961) pointed out that the
monsoon is the main driver of the SCS circulation.

The advent of satellite remote sensing technology allowed
the analysis of the details of the SCS circulation. Ho et al.
(2000) has described the seasonal variability of sea surface
height (SSH) based on the TOPEX/Poseidon altimeter data
during 1992—1997. Fang et al. (2006b) used the gridded 11-
year AVISO SSH data, which merged data from TOPEX/Posei-
don, ERS and Jason, for characterizing the low frequency
variability of the SCS surface circulation and to discuss its
relationship with El Niño-Southern Oscillation. The conclu-
sion of the annual variability responding to the change of
monsoon was confirmed by their study.

Recently, several numerical simulations of the SCS circu-
lation were done. Such simulations help extend our knowl-
edge about past variations beyond the short time period of
satellite observations and beyond the sparse sampling of in
situ observation and ship observation. Wei et al. (2003)
embedded a fine-grid ocean model of the China Sea into a
global model so that open boundary conditions were no
longer needed. Their modeled monthly SSH anomalies (SSHA)
were similar to the TOPEX/Poseidon data, and the model
could seasonably reproduce the SCS Southern Anticyclonic
Gyre in summer and the SCS Southern Cyclonic Gyre in winter.
Using this model, the seasonal features of the water intruding
into the SCS through the Luzon Strait in different ocean layers
were investigated. Wang et al. (2006) modeled the inter-
annual variability of the SCS circulation and its relation to
wind stress and El Niño through on an irregular grid. Such
numerical simulations allowed the detailed study of pro-
cesses and physical mechanisms of some mesoscale phenom-
ena, for example, the topographical effect on the coastal
upwelling in the north SCS (Wang et al., 2012, 2014).

In spite of those signs of progress, a systematic, detailed,
homogeneous and comprehensive description of the SCS
circulation on regional and local scales across several dec-
ades is hardly available. The “empirical downscaling” meth-
odology may help to generate such descriptions, which will
also allow for detection externally driven change as well as
projecting possible future change on such regional scales.
Most downscaling efforts were directed at atmospheric phe-
nomena (Benestad et al., 2008; von Storch et al., 1993), but a
few oceanic applications dealing with local sea level were
presented in the 1990s (Cui et al., 1995; von Storch and
Reichardt, 1997).
An alternative to empirical downscaling is dynamical
downscaling using regional dynamical models (oceanographic
examples are provided by Kauker and von Storch, 2000;
Schrum et al., 2003); however, this approach is more chal-
lenging and cost-intensive than the empirical approach; also
the empirical approach may deal with local phenomena,
which are possibly less well resolved by dynamical models.
Therefore, we explore the potential of the empirical down-
scaling of oceanic dynamics.

For doing so for the South China Sea (SCS), we need a
consistent and homogeneous description of the regional
space-time variability in that region. As a first preparational
step, we examine the suitability of a multidecadal global
simulation “STORM” with the MPI-OM, the high-resolution
global ocean model of the Max Planck Institute of Meteorol-
ogy (MPI; Li and von Storch, 2013; von Storch et al., 2012),
which was forced by NCEP atmospheric re-analyses.

The high resolution of about 1/108 makes STORM capable
to describe the small-scale features, while the temporal
coverage over 60 years enables STORM to analyze the long-
term variability of the SCS circulation. In addition, STORM
provides the large-scale states. Therefore, STORM is a good
choice for constructing the statistical relationship between
large and small scales. Also all relevant second-moment
statistics have been archived by accumulating two-vari-
able-products at every time step (von Storch et al., 2012).

In this paper, we first assess the performance of STORM in
describing the SCS circulation, by comparing with AVISO
altimeter measurements and ocean re-analysis dataset C-
GLORS. In Section 2, these three data sets are described in
detail. Section 3 presents the comparisons, in terms of sea
surface height anomalies (SSHA), surface current and sea
surface temperature (SST). Eventually, for demonstration, an
empirical downscaling model has been constructed (Section
4), which allows deriving the monthly seasonal near-surface
regional throughflow in the South China Sea from the regional
wind fields.

2. Dataset description

2.1. Satellite observations

The monthly SSALTO (SSALTO multimission ground segment)/
Duacs (Data Unification and Altimeter Combination System)
gridded SSHA (sea surface height anomaly) data set from
Archiving, Validation and Interpretation of Satellite Data in
Oceanography (AVISO) covers almost the entire global ocean
with a resolution of 0.258 from 1993 to 2014. It has been built
from several satellite products, including TOPEX-POSEIDON,
ERS, JASON and ENVISAT (AVISO, 1996, 2009).

As a consequence of its high quality, the AVISO SSHA data
has often been used as reference to validate global model
output and characterize regional currents (Fang et al.,
2006a,b). In this paper, we compare the AVISO SSHA data
with SSHA from the STORM simulation and the ocean re-
analysis C-GLORS.

2.2. The ocean re-analysis dataset C-GLORS

The ocean reanalysis dataset C-GLORS (version 4) has the
same horizontal 0.258 grid resolution as AVISO. It has been
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produced by the global ocean re-analysis system of CMCC
(The Euro-Mediterranean Center for Climate Change), which
has assimilated in situ observations of temperature, salinity
(from moorings and ARGO floats) and sea surface height (from
AVISO satellite data; Storto and Masina, 2014; Storto et al.,
2016).

The monthly dataset from 1982 to 2013 can be down-
loaded from their website http://www.cmcc.it/c-glors/.

2.3. The STORM/NCEP simulation

Three high-resolution global ocean-only simulation STORM
from the German STORM consortium employed the state-of-
the-art model MPI-OM and was forced by the NCEP-NCAR
reanalysis data (Li and von Storch, 2013; Tim et al., 2015; von
Storch et al., 2012). This simulation operates with a tri-polar
grid — with a very fine grid spacing of about 0.18 and only
2.3 km at the finest grid, and 80 unevenly distributed levels in
vertical. The simulation was run for 6 decades of years,
1950—2010. For fair comparison, STORM was interpolated
on a horizontal 0.258-grid.

Several aspects of the STORM simulation data have been
examined, such as the oceanic Lorenz energy cycle for the
World Ocean (von Storch et al., 2012), the sea surface
temperature (SST) near Benguela current as well as the
decadal variability and trends of the upwelling system there
(Tim et al., 2015). The simulation was found to be mostly
realistic, even if some biases prevailed.

3. Assessing the realism of the STORM data

The three data sets, STORM, C-GLORS and AVISO cover dif-
ferent variables, and descriptions for different time win-
dows. The satellite AVISO contains only sea surface height for
1993—2014, while the re-analysis C-GLORS provide the full
range of dynamical variables for 1982—2013 and STORM for
1950—2010.

We consider AVISO as the data set closest to reality; thus
we examine first, how well the derived products C-GLORS and
STORM compare with AVISO. The realism of C-GLORS in terms
of SSHA, leads us to assessing the quality of STORM with
respect to other variables by comparing it with C-GLORS. The
first step demonstrates the suitability of using all C-GLORS
variables; the second step suggests that STORM provides a
realistic description across the 60 year time window 1950—
2012.

3.1. SSHA in AVISO, C-GLORS and STORM

SSHA is often used to analyze the ocean dynamics and the
upper layer circulation (Cheng et al., 2016; Fang et al.,
2006b; Li et al., 2003; Wei et al., 2003). This data is available
from AVISO in 1993—2014. For the comparisons with C-GLORS
and STORM, the joint period from 1993 to 2010 has been
chosen.

The observed AVISO-SSHA is the actual state subject to the
influences of dynamical, eustatic and steric effects, whereas
the modeled SSHA from STORM and C-GLORS only describe
the dynamical effects and not eustatic and steric effects.
According to the fifth report of IPCC (IPCC, 2013), the growth
of the global mean sea level since the 1970s is mostly caused
by the thermal expansion of global warming and glacier loss.
For removing the difference influenced by eustatic and steric
effect, we subtract the trend of AVISO. In case that the trend
related to dynamical effect is removed as well, for fair
comparison, SSHA from C-GLORS and STORM are also
detrended.

The climatological seasonal mean states of detrended
SSHAs of STORM and C-GLORS (Fig. 1) show good agreement
with AVISO. In winter (DJF), basin-wide low SSHAs control the
east part of the SCS, which presents the cyclonic currents in
the upper layer in the whole SCS. Furthermore, in these three
datasets, two low SSHA centers located in the north and south
SCS respectively. In summer (JJA), the situation is just
opposite. Anti-cyclonic currents dominate the SCS region
in all the three datasets, however a maximum SSHA over
0.1 m appears near the Luzon Strait in AVISO and C-GLORS,
which is a little lower in STORM.

The (temporal) standard deviation of the seasonal means
represents interannual variability. The patterns of detrended
SSHA standard deviation distributions (Fig. 2) for the four
seasons of three datasets are similar. As December in 1992 is
not available, there are only 17 months in winter (DJF), but
18 months in other three seasons. All of them show that, in
winter and spring, the deviation near Luzon Strait is always
higher than adjacent seas, and in summer and autumn, strong
variability centers in the Vietnam's coast water. Compared
with AVISO and C-GLORS, the STORM simulates stronger
variability in Luzon Strait in summer and autumn, yet weaker
variability in the Vietnam coast in spring. In summer, the area
of the center with strong variability near Vietnam is closer to
AVISO, compared with C-GLORS.

Empirical Orthogonal Functions (EOF) decompose the time
series of SSHA fields, several orthogonal modes capture the
main variability (von Storch and Zwiers, 1999; Wang et al.,
2006). We apply the EOF decomposition to the three
detrended datasets, after removing the mean annual cycle
(by subtracting a multi-year monthly average). The EOFs
have been normalized so that the standard deviation of
the time coefficients (principal component, PC) is 1 — so
that the different intensity of the EOFs is given by the
patterns.

The main feature of the first EOF pattern (EOF1; Fig. 3)
describes an overall simultaneous in- or decrease in the SCS.
The amplitude in the east is greater than it in other regions.
The EOF1s of C-GLORS and STORM are generally consistent
with AVISO. However, a small negative center with small area
and weak intensity appears in C-GLORS and three similar
centers occur in STORM. Seen from the figures, also the EOF
time series for three datasets vary similarly. The time series
in C-GLORS and STORM closely correlate with AVISO, with the
correlation coefficients of 0.94 and 0.91, respectively. In
1997, SSHAs in all three datasets dropped suddenly and then
rebounded quickly in 1998. With respect to the represented
percentage of the variance, 25.1% in STORM is closer to 27.0%
in AVISO, than 36.6% in C-GLORS.

The second EOF (EOF2) patterns in three datasets all show
a strong anti-cyclonic gyre located off the Vietnam coast and
extending northeastward to reach Philippine Islands, cover-
ing most part of the north SCS. The remaining areas are
associated with negative value. The coverage of intensity
over 0.05 m in STORM is larger than that in AVISO, while
the positive values in C-GLORS are all under 0.05 m. The

http://www.cmcc.it/c-glors/


Figure 1 1993—2010 seasonal means of detrended sea surface height anomalies (SSHA) [m] according to AVISO, C-GLORS and STORM.
From top to bottom: DJF, MAM, JJA and SON.
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percentages of variance described by both STORM and C-
GLORS are greater than AVISO. Their EOF2 coefficient time
series of C-GLORS and STORM show correlations with AVISO
0.80 and 0.77, respectively.

Our analysis demonstrates that C-GLORS and STORM have
the ability to capture the main variability features of the SCS
dynamics in terms of seasonal variance and interannual
variability of SSHA. C-GLORS shows greater similarity, which
is not surprising as it has assimilated AVISO satellite data. We
think the similarity of SSHA in AVISO and C-GLORS points to
the plausibility that also other parameters of C-GLORS
may be considered mostly realistic. Therefore, we will con-
tinue assessing STORM, with C-GLORS as a reference, in the
following chapter. In the following, we assess the description
of surface currents and SST in the joint period 1982—2010
shared by C-GLORS and STORM.

3.2. Surface current fields in C-GLORS and
STORM

The first level for ocean horizontal current fields in STORM is
at 6 m depth, so we choose this level as surface to perform
comparison and get the C-GLORS currents at 6 m depth
through vertical interpolation.

The seasonal mean surface current fields of STORM and C-
GLORS (Fig. 4) show similar variability.



Figure 2 1993—2010 standard deviations (STD) [m] of seasonal detrended SSHA according to AVISO, C-GLORS and STORM. From top to
bottom: DJF, MAM, JJA and SON.
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In winter, strong counterclockwise currents dominate the
southern SCS. The Kuroshio intrudes through the Luzon Strait
from east to west and then divides into two branches, with the
smaller one moving northward into the Taiwan Strait, the
bigger one moving westward and then turning southward as a
strong western boundary current along the coast. High-speed
currents take place in the Luzon Strait, along the western
boundary of the SCS (especially along the east coast of Malay
Peninsula), and in the large cyclonic eddy of the southern SCS.

In summer, the strong currents along western boundary
turn northward, which is consistent with the SCS monsoon,
and clockwise currents occupy the southern SCS. At the same
time, a strong flow offshore the Vietnam meanders to the
central SCS and another flows northward along the southeast
coast of China. In spring and autumn, two cyclonic eddies
locate in the northern and southern SCS respectively. The
seasonal patterns presented in STORM and C-GLORS are alike.
But, the speeds in STORM are generally higher than those in C-
GLORS, which may be due to the higher spatial resolution of
STORM which may allow the simulation of more small-scale
phenomena.

The EOFs of sea surface current (after subtracting the
annual cycle) from the two data sets show similar inter-
annual variability and explain the similar variance (11.9%
in C_GLORS and 9.2% in STORM). The main features of the
EOF1 patterns from both two data are the strong alongshore



Figure 3 (a—f) The first two EOFs [m] of 1993—2010 monthly detrended SSHA (removing mean annual cycle) according to AVISO, C-
GLORS and STORM. From top to bottom: EOF1 and EOF2. (g—l) The time coefficients for the first two EOFs of AVISO (top), C-GLORS
(middle) and STORM (bottom), after detrending and subtraction of the mean annual cycle. From left to right: EOF1 and EOF2.
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Figure 4 1982—2010 seasonal mean of sea surface currents (SSC; at 6 m depth) [m s�1] according to C-GLORS and STORM. From top to
bottom: DJF, MAM, JJA and SON.
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southward currents and a gyre located in the middle SCS. The
currents intrude into the SCS from the Pacific through the
Luzon Strait and flow into the Pacific through the passage at
the south of Philippines. The current speeds in STORM are a
little higher than in C-GLORS for the region with slow (less
than 0.02 m s�1) currents.

3.3. SST in C-GLORS and STORM datasets

The distribution of SSTcan be deeply influenced by the ocean
currents and its variance can be regarded as an important
indicator of current variability, including vertical currents. In
this section, SST is considered for evaluating the ability of the
STORM dataset to reproduce the SCS dynamics.
The distributions of SST in the SCS (Fig. 5) show obvious
seasonal differences. In winter, spring and autumn, most
isotherms show northeast-southwest direction. The closer
the area is to the Equator, the hotter the sea surface is.
The SST in the SCS in summer is almost uniform but, with
marked small upwelling regions in the southeast of China and
near Vietnam. Previous studies (Fang et al., 2012; Wang
et al., 2012, 2014; Xie et al., 2003) have demonstrated
the presence of regional upwelling, which brings much colder
water from deeper layer to the surface. STORM generates
higher temperatures in summer in most regions, and it pre-
sents a stronger upwelling with larger temperature gradient
than C-GLORS. The area with coldest seawater and largest
gradient off the Southeast Vietnam coast is very close to the



Figure 5 1982—2010 seasonal means of sea surface temperature (SST) [8C] according to C-GLORS and STORM. From top to bottom:
DJF, MAM, JJA and SON.
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land, then, with the limitation of horizontal resolution, C-
GLORS may not be able to resolve these very small-scale
phenomena. So STORM has an advantage in this case. The
study of Tim et al. (2015) has found similarly colder SST in
STORM compared with coarser observations in the South
Atlantic.

4. A case of regional ocean downscaling

According to the assessment above, the capability of STORM
to describe the large-scale state and small-scale variability
has been verified. STORM is forced with atmospheric states
given by NCEP, which is believed to be mostly homogenous
since 1958 in describing “large-scale” (regional) variability.
Thus, the STORM data set should be suitable for building
empirical downscaling models for specifying regional and
local phenomena and their statistics in the ocean.

For demonstrating this option, we have built one empiri-
cal downscaling model, as an example. As predictand we use
the surface throughflow in the South China Sea and its
neighboring seas (0—258N, 998—1228E), as given by the time
series of the 1st EOF of deseasonalized monthly currents on
the 0.258 grid (Fig. 6); as predictors the monthly wind speed



Figure 6 The first vector EOF [m s�1] and the corresponding coefficient of 1982—2010 monthly sea surface currents (SSC; at 6 m
depth) according to C-GLORS and STORM.
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at 10 m height (0—258N, 998—1228E, including the land) as
given by the 2.58 gridded NCEP re-analysis. The empirical
model linking the predictors and the predictand is multiple
linear regression (MLR).

As the instability of the quality of the NCEP1 before the
year 1958, this experiment is performed during the period of
1958—2010. We choose the first 33 years (with 396 months) as
the training period to construct the model and the last
20 years (with 240 months) as validation period.

There are several preparational steps to pre-process the
data:
Figure 7 The original PC1 (the black line and the gray line) and the
for the training period and the validation period.
1. First, the annual cycle in both the predictors and the
predictands are removed for both two periods.

2. Second, for the training period 1958—1990, after
detrending the data, we get the first principal component
PC1_C of the detrended and de-seasonalized currents C,
and the principal components PCs_W of the detrended
and de-seasonalized winds W. The pattern EOF1_C (not
shown) presents almost the same pattern as that one
given in Fig. 6. Using these PCs, we build the MLR models.

3. Third, for the validation period, the currents (and winds)
are projected on EOF1_C (EOFs_W) to generate the pre-
 fitted PC1 (the red line and the blue line) of the surface currents
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dictand PC1_C and the predictors PCs_W. The skill of the
MLR model can be assessed by “predicting” PC1_C in the
validation period by feeding the MLR model with the
predictors PCs_W.

The number of PCs of predictors to be used for the
construction of the downscaling model has an effect on
the model skill. Too many PCs involved in the construction
may result in the overfitted problem (Titus et al., 2013).
After some tests, we find that the first 3 PCs of wind as
predictors for the model construction performs well. The
original PC1 and the fitted PC1 for both the training period
and the validation period are shown in Fig. 7. The correlation
coefficients between the predictand and the predicted
PC1_C amounts to 0.55 in the training period 1958—1990,
and 0.66 in the validation period (1991—2010).

The regressed predictand exhibits a similar, albeit smaller,
variability to that one during the training period. We con-
clude that the multiple linear regression based on the prin-
cipal component is good enough to build the statistical model
to predict the non-seasonal variability of surface currents in
the SCS.

5. Conclusions

Often, studies on the statistics of meso-scale SCS dynamics
and scale-interactions suffer from insufficient observations in
terms of spatial resolution and temporal coverage. One way
of overcoming this limitation is to build empirical down-
scaling models for regional and local oceanic phenomena.
A major problem for doing so is the availability of suitable
data sets for constructing such empirical models.

One approach for solving this problem is to use multi-
decadal simulations with high-resolution ocean models
forced by atmospheric reanalyzes. For instance, the German
consortium STORM project has produced a global high-reso-
lution ocean dataset STORM, integrated with atmospheric
forcing for the time period 1950—2010 and a one-tenth
degree horizontal resolution. This dataset is found to gen-
erate realistically the variability on large and small scales in
the SCS and statistics of small-scale features of the SCS
dynamics. Using this data set, we built a statistical models
of the links between large and small scales in the SCS, i.e. an
empirical downscaling model.

For determining the STORM data as suitable, we introduce
the global gridded AVISO satellite observations and the ocean
re-analysis dataset C-GLORS in this study to evaluate the
ability of STORM to reproduce the SCS dynamical structure.
As C-GLORS have much more parameters than AVISO, for the
joint period and the shared variable SSHA, we first verified
the quality of C-GLORS and STORM. After that, we regard C-
GLORS as “observations” to carry out the assessment of other
variables (surface currents and SST) generated by STORM.

Overall, STORM and C-GLORS show good agreement with
AVISO in reconstructing the SCS dynamical characteristics.
The seasonal variability of SSHA resolved from STORM is very
close to AVISO with the maximum center in the same loca-
tions, even though C-GLORS having assimilated the AVISO
altimeter data is closer. The distributions of maximum SSHA
standard deviation for four seasons from the three datasets
are alike, but C-GLORS and STORM differ from the observed
distribution, with respect to the intensity in winter and
spring, the area of strong inter-annual variability in summer
and autumn off the southeast Vietnam. The EOF decomposi-
tion of SSHA identifies similar patterns of interannual varia-
bility. A difference is that emergence of several small
opposite centers far away from the coastline presented in
EOF1 patterns of C-GLORS and STORM. The reason is not
clear.

STORM hindcasts the same seasonal upper circulation and
inter-annual variability as C-GLORS, however, it generates
stronger current intensity, which may be caused by the
increase in resolution. As for SST, even though STORM still
overestimates the SST for most areas, the temperature dis-
tribution of STORM shows great similarity with C-GLORS, with
colder temperature off the Vietnam coast (the strong upwel-
ling area) in summer. The STORM description of the SCS
circulation and some small-scale phenomena near coastline,
for instance upwelling, is quite satisfactory.

A major albeit technical advantage of STORM is not only
the availability of more dynamical variables, but also the
longer time period, namely 1950, or 1958, until 2010.

Taking advantage of STORM, one statistical downscaling
model has been built successfully to estimate the non-sea-
sonal variability of the SCS surface currents for the past
60 years. The multiple linear regression based on the princi-
pal component shows skill.

While this downscaling model is merely an example
demonstrating the potential, further downscaling models
will be built in this spirit on the regional and local phenomena
in the South China Sea, related to the formation of eddies, to
coastal upwelling and other phenomena. These models may
then also be used to derive scenarios of possible future
change but also to change prior to 1950.

Acknowledgments

We thank the Helmholtz-Zentrum Geesthacht (HZG) for sup-
porting the authors' research and the Chinese Scholarship
Council (No. 201406330048) for funding the first author's
studying abroad at the HZG. The authors are grateful to
the Max Planck Institute of Meteorology (MPI) for providing
the STORM simulations and to the Euro-Mediterranean Center
for Climate Change (CMCC) for providing the C-GLORS data
set, and we appreciate their suggestions.

References

AVISO, 1996. AVISO User Handbook Merged Topex/Poseidon Products
(GDR-Ms), AVI-NT-02-101-CN Edn. 3.0, Romonville St-Agne,
France, 199 pp.

AVISO, 2009. SSALTO/DUACS User Handbook: (M) SLA and (M) ADT
Near-real Time and Delayed Time Products, Reference: CLS-DOS-
NT-06-034, 29 pp.

Benestad, R.E., Hanssen-Bauer, I., Chen, D., 2008. Empirical-statis-
tical Downscaling. World Scientific Publishing Company Incorpo-
rated, Singapore, 228 pp.

Cheng, X.H., Xie, S.P., Du, Y., Wang, J., Chen, X., Wang, J., 2016.
Interannual-to-decadal variability and trends of sea level in the
South China Sea. Clim. Dyn. 46 (9), 3113—3126, http://dx.doi.
org/10.1007/s00382-015-2756-1.

Cui, M.C., von Storch, H., Zorita, E., 1995. Coastal sea-level and the
large-scale climate state — a downscaling exercise for the

http://dx.doi.org/10.1007/s00382-015-2756-1
http://dx.doi.org/10.1007/s00382-015-2756-1


176 M. Zhang, H. von Storch/Oceanologia 59 (2017) 166—176
Japanese islands. Tellus Ser. A 47 (1), 132—144, http://dx.doi.
org/10.1034/j.1600-0870.1995.00008.x.

Dale, W.L., 1956. Wind and drift currents in the South China Sea.
Malays. J. Trop. Geogr. 8, 1—31.

Fang, G.H., Chen, H.Y., Wei, Z.X., Wang, Y.G., Wang, X.Y., Li, C.Y.,
2006b. Trends and interannual variability of the South China Sea
surface winds, surface height, and surface temperature in the
recent decade. J. Geophys. Res. 111 (C11S16), 2156—2202,
http://dx.doi.org/10.1029/2005JC003276.

Fang, W.D., Guo, J.J., Shi, P., Mao, Q.W., 2006a. Low frequency
variability of South China Sea surface circulation from 11 years of
satellite altimeter data. Geophys. Res. Lett. C11S16, http://dx.
doi.org/10.1029/2006GL027431.

Fang, G.H., Wang, G., Fang, Y., Fang, W.D., 2012. A review on the
South China Sea western boundary current. Acta Oceanolog. Sin.
31 (5), 1—10, http://dx.doi.org/10.1007/s13131-012-0231-y.

Ho, C.R., Zheng, Q.N., Soong, Y.S., Kuo, N.J., Hu, J.H., 2000.
Seasonal variability of sea surface height in the South China
Sea observed with TOPEX/Poseidon altimeter data. J. Geophys.
Res. Oceans 105 (C6), 13981—13990, http://dx.doi.org/10.1029/
2000JC900001.

Hu, J., Kawamura, H., Hong, H., Qi, Y., 2000. A review on the
currents in the South China Sea: seasonal circulation, South China
Sea warm current and Kuroshio intrusion. J. Oceanogr. 56 (6),
607—624, http://dx.doi.org/10.1023/A:1011117531252.

IPCC, 2013. Summary for Policymakers. In: Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Cli-
mate Change, Cambridge Univ. Press, Cambridge, United King-
dom/New York, USA, 10—11.

Kauker, F., von Storch, H., 2000. Statistics of “synoptic circulation
weather” in the North Sea as derived from a multiannual OGCM
simulation. J. Phys. Oceanogr. 30 (12), 3039—3049, http://dx.
doi.org/10.1175/1520-0485(2000)030<3039:SOSCWI>2.0.CO;2.

Li, H.M., von Storch, J.S., 2013. On the fluctuating buoyancy fluxes
simulated in a 1/10 degrees OGCM. J. Phys. Oceanogr. 43 (7),
1270—1287, http://dx.doi.org/10.1175/JPO-D-12-080.1.

Li, L., Xu, J.D., Jing, C.S., Wu, R.S., Guo, X.G., 2003. Annual
variation of sea surface height, dynamic topography and circula-
tion in the South China Sea — a TOPEX/Poseidon satellite altime-
try study. Sci. China Ser. D 46 (2), 127—138.

Schrum, C., Siegismund, F., John, M., 2003. Decadal variations in the
stratification and circulation patterns of the North Sea. Are the
1990 unusual? ICES Mar. Sci. Sympos. 121—131.

Storto, A., Masina, S., 2014. Validation of the CMCC Global Ocean
Eddy-Permitting Reanalysis (C-GLORS). Centro Euro-Mediterra-
neo sui Cambiamenti Climatici, Bologna, Italy, 11 pp.

Storto, A., Masina, S., Navarra, A., 2016. Evaluation of the CMCC eddy-
permitting global ocean physical reanalysis system (C-GLORS, 1982—
2012) and its assimilation components.  Q. J. R. Meteorolog. Soc. 142
(695), 738—758, http://dx.doi.org/10.1002/qj.2673.
Tim, N., Zorita, E., Hunicke, B., 2015. Decadal variability and trends
of the Benguela upwelling system as simulated in a high-resolu-
tion ocean simulation. Ocean Sci. 11 (3), 483—502, http://dx.doi.
org/10.5194/os-11-483-2015.

Titus, M.L., Sheng, J., Greatbatch, R.J., Folkins, I., 2013. Improving
statistical downscaling of general circulation models. Atmos. Ocean
51 (2), 213—225, http://dx.doi.org/10.1080/07055900.2013.
774259.

von Storch, H., Reichardt, H., 1997. A scenario of storm surge
statistics for the German bight at the expected time of doubled
atmospheric carbon dioxide concentration. J. Clim. 10 (10), 2653—
2662, http://dx.doi.org/10.1175/1520-0442(1997)010<2653:
ASOSSS>2.0.CO;2.

von Storch, H., Zwiers, F.W., 1999. Statistical Analysis in Climate
Research. Cambridge Univ. Press, 293—305.

von Storch, H., Zorita, E., Cubasch, U., 1993. Downscaling of global
climate-change estimates to regional scales — an application to
Iberian rainfall in wintertime. J. Clim. 6 (6), 1161—1171, http://
dx.doi.org/10.1175/1520-0442(1993)006<1161:DOGCCE>2.0.
CO;2.

von Storch, J.-S., Eden, C., Fast, I., Haak, H., Hernández-Deckers,
D., Maier-Reimer, E., Marotzke, J., Stammer, D., 2012. An esti-
mate of the Lorenz energy cycle for the world ocean based on the
STORM/NCEP simulation. J. Phys. Oceanogr. 42 (12), 2185—2205,
http://dx.doi.org/10.1175/JPO-D-12-079.1.

Wang, Y., Fang, G., Wei, Z., Qiao, F., Chen, H., 2006. Interannual
variation of the South China Sea circulation and its relation to El
Niño, as seen from a variable grid global ocean model. J. Geophys.
Res. 111, C11S14, http://dx.doi.org/10.1029/2005JC003269.

Wang, D.X., Zhuang, W., Xie, S.P., Hu, J.Y., Shu, Y.Q., Wu, R.S., 2012.
Coastal upwelling in summer 2000 in the northeastern South
China Sea. J. Geophys. Res. Oceans 117, C04009, http://dx.
doi.org/10.1029/2011JC007465.

Wang, D.X., Shu, Y.Q., Xue, H.J., Hu, J.Y., Chen, J., Zhuang, W., Zu,
T.T., Xu, J.D., 2014. Relative contributions of local wind and
topography to the coastal upwelling intensity in the northern
South China Sea. J. Geophys. Res. Oceans 119 (4), 2550—2567,
http://dx.doi.org/10.1002/2013JC009172.

Wei, Z.X., Fang, G.H., Choi, B.H., Fang, Y., He, Y.J., 2003. Sea
surface height and transport stream function of the South China
Sea from a variable-grid global ocean circulation model. Sci.
China Ser. D 46 (2), 139—148, http://dx.doi.org/10.3969/j.
issn.1674-7313.2003.02.005.

Wyrtki, K., 1961. Physical Oceanography of the Southeast Asian
Waters, Scientific Results of Marine Investigations of the South
China Sea and the Gulf of Thailand, NAGA Rep. 2. Scripps Inst.
Oceanogr., La Jolla, CA, 195 pp.

Xie, S.P., Xie, Q., Wang, D.X., Liu, W.T., 2003. Summer upwelling in
the South China Sea and its role in regional climate variations. J.
Geophys. Res. Oceans 108, C83261, http://dx.doi.org/10.1029/
2003JC001867.

http://dx.doi.org/10.1034/j.1600-0870.1995.00008.x
http://dx.doi.org/10.1034/j.1600-0870.1995.00008.x
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0030
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0030
http://dx.doi.org/10.1029/2005JC003276
http://dx.doi.org/10.1029/2006GL027431
http://dx.doi.org/10.1029/2006GL027431
http://dx.doi.org/10.1007/s13131-012-0231-y
http://dx.doi.org/10.1029/2000JC900001
http://dx.doi.org/10.1029/2000JC900001
http://dx.doi.org/10.1023/A:1011117531252
http://dx.doi.org/10.1175/1520-0485(2000)030<3039:SOSCWI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(2000)030<3039:SOSCWI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(2000)030<3039:SOSCWI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(2000)030<3039:SOSCWI>2.0.CO;2
http://dx.doi.org/10.1175/JPO-D-12-080.1
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0075
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0075
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0075
http://dx.doi.org/10.1002/qj.2673
http://dx.doi.org/10.5194/os-11-483-2015
http://dx.doi.org/10.5194/os-11-483-2015
http://dx.doi.org/10.1080/07055900.2013.774259
http://dx.doi.org/10.1080/07055900.2013.774259
http://dx.doi.org/10.1175/1520-0442(1997)010<2653:ASOSSS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1997)010<2653:ASOSSS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1997)010<2653:ASOSSS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1997)010<2653:ASOSSS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006<1161:DOGCCE>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006<1161:DOGCCE>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006<1161:DOGCCE>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006<1161:DOGCCE>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006<1161:DOGCCE>2.0.CO;2
http://dx.doi.org/10.1175/JPO-D-12-079.1
http://dx.doi.org/10.1029/2005JC003269
http://dx.doi.org/10.1029/2011JC007465
http://dx.doi.org/10.1029/2011JC007465
http://dx.doi.org/10.1002/2013JC009172
http://dx.doi.org/10.3969/j.issn.1674-7313.2003.02.005
http://dx.doi.org/10.3969/j.issn.1674-7313.2003.02.005
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0145
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0145
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0145
http://refhub.elsevier.com/S0078-3234(17)30002-7/sbref0145
http://dx.doi.org/10.1029/2003JC001867
http://dx.doi.org/10.1029/2003JC001867


SHORT COMMUNICATION

Microorganisms associated with charophytes under
different salinity conditions

Marija Kataržytė *, Diana Vaičiūtė, Martynas Bučas, Greta Gyraitė,
Jolita Petkuvienė

Marine Science and Technology Centre, Klaipeda University, Klaipėda, Lithuania

Received 17 August 2016; accepted 21 October 2016
Available online 4 November 2016

Oceanologia (2017) 59, 177—186

KEYWORDS
Net primary production
of charophytes;
Abundance of bacteria
and fungi;
Taxa composition of
fungi;
Freshwater and
brackish water;
Curonian Lagoon;
Baltic Sea

Summary Microorganisms associated with aquatic macrophytes can in various ways interact
with a plant and influence its activity and vice versa. A low-salinity intrusion into freshwater
environment can affect plant-microorganism interactions. In this study, effects of different
salinity conditions on the abundance and community composition of associated microorganisms
with charophytes in the Curonian Lagoon were assessed. From the results, we found that short
term salinity changes affected the abundance of bacteria and fungi associated with charophytes,
whereas no response was reflected in the taxa composition of fungi, showing that other factors
could be of more importance. The increased fungi abundances and different fungi composition in
August in comparison to June was probably related to senescence process of aquatic vegetation.
8 fungi taxa were isolated and identified in association with charophytes, while higher diversity
was revealed by DGGE technique.
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Aquatic macrophytes, especially charophytes (Characeae),
are considered as important biological quality element for
fresh and brackish water bodies (Kufel and Kufel, 2002;
Mathieson and Nienhuis, 1991 and references therein). In
moderately shallow and eutrophic lagoons, charophytes are
responsible for stabilization of clear-water states by causing
inhibition of phytoplankton (Hilt, 2015). Dense beds of char-
ophytes provide shelter, food and substrate for benthic
invertebrates, fish and waterfowls (Dugdale et al., 2006;
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Schmieder et al., 2006). Charophytes are also hosts for
various microorganisms such as fungi and bacteria (Berg
and Hagemann, 2009; Hempel et al., 2008). Microorganisms
associated with aquatic vegetation form biofilm and are rich
in antimicrobial compounds, which may protect macrophytes
from hostile environment (Berg and Hagemann, 2009). On the
other hand, colonies of epiphytic microorganisms, such as
cyanobacteria (Gleotrichia sp.), might cause decrease of
photosynthetic activity, nutrient uptake or very fast decay
of macrophytes (Armstrong et al., 2001; Hudon et al., 2009).
Although there are studies on the importance of microorgan-
isms associated with macrophytes (Andrews and Harris, 2000;
Egan et al., 2014, 2013), little is known about interactions
between fungi (Godinho et al., 2013) and macrophytes.

Declining distribution and diversity of macrophytes,
including charophytes, have been observed in many regions
worldwide including the brackish Baltic Sea (e.g. Blindow,
2000; Pitkänen et al., 2013). Eutrophication and its conse-
quences (increased pelagic productivity, water turbidity and
reduced light availability) are assumed to be the most
important threats to macrophytes (Blindow et al., 2003;
Kovtun-Kante et al., 2014). It has been experimentally docu-
mented (Blindow and Schütte, 2007) that besides the nega-
tive effect of water turbidity the changes in salinity may
increase stress for freshwater charophytes in transitional
water bodies, such as the Curonian Lagoon. This stress could
be enhanced by a human pressure, for instance, by dredging
the canal connecting the lagoon and the Baltic Sea (Zemlys
et al., 2013). The elevated salinity can affect both sexual
reproduction and vegetative propagation (Blindow et al.,
2003). Moreover, the changes in salinity may affect charo-
phytes growth rates, incrustation of thalli, etc. (Pajusalu et
al., 2015; Puche and Rodrigo, 2015; Rodrigo et al., 2015;
Urbaniak, 2010 and references therein). Under such unfavor-
able and changing environmental conditions, stressed plants
could be the ideal host for various microorganisms, such as
bacteria and fungi, whose effect on a host can be contra-
dictive, e.g., microorganisms can cause disease in their host
(Egan et al., 2014, 2013). Eukaryotic fungi have less of an
impact than bacteria in aquatic systems unless their habitat
is relatively constant over time, either the nutrient source is
difficult to degrade or fungi are in specific interactions with
other organisms, such as mutualism, commensalism, para-
sitism and predation (Wurzbacher et al., 2010). Generally,
fungi contribute to biofilm processes (Cantrell et al., 2006)
and several of endophytic fungi are mutualistic (positively
affect hosts while also obtain nutrition for growth and repro-
duction from tissues of hosts), thus both better resist abiotic
stress via symbiosis (Rodriguez et al., 2009). However, there
is a lack of understanding how freshwater macrophytes
(including charophytes) and with them associated bacteria
and fungi are affected by more frequent intrusions of saline
waters.

Therefore, the aim of this study was to determine salinity
effects on the microorganisms associated with charophytes
from the Curonian Lagoon. We analyzed the net primary
production of charophytes, abundance, and community com-
position of associated microorganisms from two sites that
differ by frequency of brackish water intrusions, and per-
formed ex situ experiment manipulating salinity. The compo-
sition of fungi associated with charophytes was evaluated
using two techniques: nutrient media and PCR-DGGE analysis.
The Curonian Lagoon is situated in the southeastern part
of the Baltic Sea (Fig. 1) and it is the largest lagoon (surface
area 1584 km2) in Europe. The lagoon is shallow (mean depth
3.8 m) and hypereutrophic, almost entirely restricted from
the Baltic Sea (Bresciani et al., 2012). The Klaipeda Strait
provides the only and narrow connection (width of 0.4 km) to
the Sea, while in the eastern part of the lagoon the Nemunas
River (one of the largest rivers in the Baltic region) is entering
the lagoon. Therefore, the Curonian Lagoon is always influ-
enced by mixing masses of brackish and fresh-riverine
waters. The inflow of brackish-waters depends on a wind
speed and its direction, whereas the largest part of the
lagoon consists of fresh water, which is mainly influenced
by discharge of the Nemunas River. Intrusions of brackish
waters usually occur in the northern part of the Curonian
Lagoon, but sometimes they were recorded 40 km away from
the Klaipeda Strait (Zemlys et al., 2013).

Two sampling sites (Fig. 1) with different salinity condi-
tions were selected in order to compare microorganisms
associated with charophytes. The first site (BW) was situated
in the northern part near Kairiai, where annual mean salinity
was 2.0—3.0 PSU and salinity > 0.5 PSU was observed 150—
250 days per year (Zemlys et al., 2013). The second site (FW)
was situated in the central part of the lagoon near Ventė,
where annual mean salinity was 0.5—1.0 PSU and salinity
>0.5 PSU was observed 85—150 days per year.

During two sampling campaigns in June and August of 2014
in situ temperature, salinity and dissolved oxygen (DO) were
measured using YSI 460 multiple probes. Samples of surface
water were collected for analysis of dissolved inorganic
phosphorus (DIP), nitrogen oxides (NOx = NO3 + NO2), dis-
solved organic carbon (DOC), alkalinity and total phosphorus
(TP). Aliquots for measurements of nutrients, DOC and TP
were immediately filtered through Whatman GF/F into 10,
30 and 20 ml glass tubes respectively. For alkalinity analysis
unfiltered water samples were used.

Nutrients were analyzed within 12 h by standard methods
(Grasshoff et al., 2009) using continuous flow analyzer
(San++, Skalar, sensitivity 0.3 mM). DOC was measured by
the combustion catalytic oxidation method (at 6808C) with
total organic carbon (TOC) analyzer Shimadzu. Water alka-
linity was estimated by acid titration (Jenkins and Moore,
1977). TP was spectrophotmetrically analyzed at 850 nm
after acid persulphate oxidation (Grasshoff et al., 2009).

The in situ rates of net primary production (NPP) of
charophytes were measured by the light—dark bottle tech-
nique (Blindow et al., 2006). Three replicates of 60 ml
Winkler glass bottles were filled with water and immediately
fixed with Winkler reagents for initial concentration of dis-
solved oxygen analysis. In the light and dark bottles (3 repli-
cates each), weighted thalli of charophytes were added for
incubation for 4 h in a climate chamber under the conditions
close to in situ (incident photon flux density was
400 mE s�1 m�2, temperature 20—228C). Synchronously, the
NPP of pelagic primary producers was measured. However, it
was negligible (up to 0.2% of total NPP), therefore total NPP
was used in the analysis.

Five charophyte plants were collected for assessment of
associated microorganisms.

Two ex situ experiments were performed with the most
common charophytes (Chara aspera and Chara contraria)
from the Curonian Lagoon: before (June) and after (August)



Figure 1 The study area and two sampling sites (indicated by squares), where different water masses dominate: brackish-water (BW)
and freshwater (FW). The isohalines of near bottom salinity are taken from the modeled data (Umgiesser et al., 2004) during vegetation
period in 2014.
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the vegetation peak of charophytes. Each experiment lasted
for 2 weeks. Nine intact sediment cores (i.d. 8 cm, height
30 cm) with dominant charophytes inside were collected by
hand corer in 1.5 m depth (within 50—150 m from the shore)
at each of two stations (Fig. 1). Intact cores were kept in a
refrigerator and transferred to the laboratory within 4 h. The
cores with charophytes were submerged (with the top open)
in 3 incubation tanks with in situ water, maintaining its
temperature close to natural near bottom conditions in
the lagoon. These tanks were manipulated with 3 different
treatments of salinity (0 PSU, 3 PSU and 6 PSU). Water was
constantly stirred by rotating Teflon-coated magnet, which
was fixed to the inner wall of each core for gentle water
mixing avoiding sediment resuspension (Kientz et al., 2011).
After two weeks, charophytes were taken from each core and
pooled into sterile centrifuge tubes, kept in a refrigerator
and carried into the lab within 4 h for further analysis of
associated microorganisms. Simultaneously, the NPP of char-
ophytes were measured before and after the incubation
under different salinity conditions by the light—dark bottle
technique as described above for in situ NPP measurements.
Thalli of charophytes were weighted prior the incubation.
Since the weight of charophytes may vary due to species and
thalli specific content of calcium or magnesium carbonate
(Kufel et al., 2016), each salinity treatment was performed in
triplicates.

For associated microorganisms analyses, 5 plants from
each experimental core were put into separate sterile cen-
trifuge tubes, weighted, gently washed with sterile water to
remove accidentally attached epiphytic microorganisms
from the water column. For evaluation of endophytic micro-
organism presence in in situ samples, one set of charophytes
were washed with a mixture of ethanol (50%) and sodium
hypochlorite (1%) to remove all microorganisms from the
surface (Kientz et al., 2011). Samples were homogenized,
Table 1 Statistical methods used in this study to test the null h

Statistical test Statistical hypothesis

Welch's two sample t-test The concentration of water al
significantly differ between st
The mean net primary produc
differ in June and August.
In situ measured mean NPP (sep
NPP in the experiment set-up 

The mean abundance of fungi
abundance of bacteria.

Analysis of variance (ANOVA) The mean NPP of charophytes
salinities.
The mean abundance of microo
differ among the stressed con

Tukey's honest significant
difference (HSD) test

The mean abundance of microo
differ among the contrasts of 

The mean abundance of microo
differ among the contrasts of 

Nonparametric Tukey-type test The mean NPP of charophytes 

salinity treatments.
Spearman rank correlation (rS) There is no relationship betwe

experiment set-up and differe
serially diluted and plated onto Petri dishes with different
agar media (3 replicates each). Potato dextrose agar was
used for fungi cultivation and Luria broth agar for bacteria. A
number of colonies were recalculated into values of colonies
forming units (CFU) per gram of fresh charophytes weight.
Purified fungal cultures were identified to species or generic
taxonomic rank and collected for further molecular analysis.
DNA was extracted from freeze-dried parts of charophytes
with NucleoSpin kit for soil, according to the instructions of
manufacture. The ITS2 region of fungal rDNA was amplified
with primer pair ITS3GC and ITS4 (White et al., 1990) and DNA
amplified, according to Duarte et al. (2008). Denaturing
gradient gel electrophoresis analysis was performed using
DGGEK — 2401 denaturing gradient gel electrophoresis sys-
tem (C.B.S Scientific Company, INC). For fungal DNA, 10 ml
samples from the PCR products were loaded on 8% [w/v]
polyacrylamide gel in 1� Tris—acetate—EDTA (TAE) with
denaturing gradient from 30 to 70%.

The statistical hypotheses about estimates were tested
using several parametric and nonparametric statistical cri-
teria depending on data properties (Table 1). All statistical
tests were performed in R 3.2.0 (R Core Team, 2015) and
using “nparcomp” package (Konietschke et al., 2015).

At freshwater (FW) site, water salinity was <1 PSU during
the two sampling periods, whereas at brackish water (BW)
site the salinity was almost 2 and 6 times higher in June and
August, respectively (Table 2). The water temperature was
around 168C during both sampling campaigns at two sites. At
both sites, the concentrations of DO, alkalinity, DIP, and TP
were higher in June than in August, whereas the concentra-
tions of DOC were in the opposite. The mean concentrations
of water alkalinity and TP concentration were statistically
significantly higher at FW site compared to BW site (t = 5.5,
df = 10, p < 0.001; t = 8.3, df = 10, p < 0.001, respectively).
The concentrations of NOx during sampling were around
ypothesis.

kalinity and total phosphorus (TP) do not statistically
ations (FW and BW).
tion (NPP) of charophytes does not statistically significantly

arately in each site) does not significantly differ from the mean
(corresponding treatments of salinity).

 from in situ samples does not significantly differ from the

 does not significantly differ between two sites and different

rganisms (separately bacteria and fungi) does not significantly
ditions in June and August.
rganisms (separately bacteria and fungi) does not significantly
the two sites in June and August.
rganisms (separately bacteria and fungi) does not significantly
the stressed conditions in June and August.
(separately in each site) does not significantly differ among the

en the abundance of bacteria and fungi from in situ, the
nt seasons.



Table 2 The main water column physical and chemical characteristics at two study sites (freshwater — FW and brackish water —

BW) in the Curonian Lagoon in June and August, 2014.

Site Month Salinity
[PSU]

Temperature
[8C]

DO
[mg l�1]

Alkalinity
[mg l�1]

DOC
[mmol l�1]

NOx [mmol l�1] DIP
[mmol l�1]

TP
[mmol l�1]

FW June 0.19 16.3 10.1 2.3 � 0.7 0.8 � 0.1 28.3 � 5.5 0.2 � 0.02 2.5 � 0.2
BW June 1.96 16.3 12.5 1.6 � 0.1 0.8 � 0.2 1.8 � 0.7 0.2 � 0.01 1.3 � 0.1
FW August 0.17 16 8.8 2.6 � 0.04 0.5 � 0.05 1.7 � 0.2 0.3 � 0.01 3.0 � 0.2
BW August 6.44 16 7.9 2.0 � 0.1 0.3 � 0.05 2.6 � 0.3 0.4 � 0.1 1.6 � 0.1
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2—3 mmol l�1, except in June at FW site, where its concen-
tration reached 28.3 � 5.5 mmol l�1. The concentrations of
DIP ranged from 0.2 to 0.4 mmol l�1 at both sites.

The mean net primary production (NPP) of charophytes
in June and August were 1.4 � 0.9 and 2.1
� 0.6 mg C L�1 g ww�1 h�1, respectively, which did not sig-
nificantly differ (t = �1.57, df = 7.79, p > 0.05). However,
there was a significant interaction (F = 7.84, df = 1,
p < 0.05) between the site and the salinity, therefore
NPP was averaged over different salinities and sites for
the further analysis (Fig. 2). In situ measured means of NPP
in FW and BW sites did not significantly differ (respectively,
t = 0.38, df = 2, p > 0.05 and t = 1.13, df = 2, p > 0.05)
from the means of corresponding treatments of salinity
(3 PSU and 0 PSU) in the experiment set-up. Significantly
(nonparametric Tukey-type test p < 0.05) lower NPP of
charophytes at BW site was measured after incubation in
the salinity treatments of 0 PSU and 6 PSU than in the
treatment 3 PSU, whereas at FW site it was significantly
( p < 0.01) lower after incubation in the treatments of
3 PSU and 6 PSU. These reduced NPP show a potential
stress of charophytes due to the changed salinity condi-
tions in respect to those that commonly occur at BW and
FW sites.

In order to test if these stressed conditions also affected
bacteria and fungi associated with charophytes, the experi-
ment set-up salinity treatments at sites were classified in the
two groups according to the differences in NPP of charo-
phytes: (1) natural conditions — 3 PSU at BW site and 0 PSU at
FW site, and (2) stressed conditions — 0 PSU and 6 PSU at BW
site, 3 PSU and 6 PSU at FW site.
Figure 2 The mean (�standard deviation) net primary production o
set-up with different salinities (0, 3 and 6 PSU) at two sites (freshw
averaged field measurements (given in Table 2).
From in situ samples, charophytes were colonized by
bacteria in relatively high abundances from 2.2 � 104

CFU g�1 fw to 8.0 � 104 CFU g�1 fw (Fig. 3a). In June, the
mean abundance of bacteria did not significantly differ
(Tukey's HSD p > 0.05) between the two sites, while in August
it was significantly higher only at BW site ( p < 0.05).

The mean abundance of fungi from in situ samples was
significantly (t = 5.25, df = 15.97, p < 0.01) lower than the
abundance of bacteria and varied from 0.02 � 104 to
1.2 � 104 CFU g�1 fw (Fig. 3b). In June, the mean abundance
of fungi did not significantly differ (Tukey's HSD p > 0.05),
while in August the fungal abundance at FW site increased
almost 17-fold than in June (Tukey's HSD p < 0.05).

Similar patterns of bacterial and fungal abundances were
observed in the experimental set-up, respectively. From in
situ data in June, there was low correlation (rS = 0.29, N = 9,
p > 0.05) between bacteria and fungi abundance, whereas
negative moderate correlation (rS = �0.61, N = 7, p > 0.05)
was determined in August. In the experiment set-up, there
were negative low correlations in June (rS = �0.34, N = 18,
p > 0.05) and August (rS = �0.23, N = 18, p > 0.05). All cor-
relations were not statistically significant.

We also tested the effect of stressed conditions by water
salinity to the mean abundance of bacteria and fungi asso-
ciated with charophytes (Fig. 3c and d) from in situ and
experiment set-up. From in situ samples, the mean abun-
dance of bacteria was significantly (Tukey's HSD p < 0.01)
higher under the stressed conditions in August than in the
other contrasts, whereas in the experiment set-up it was
significantly higher from the stressed conditions in June.
From in situ samples, the mean abundance of fungi was
f charophytes in the Curonian Lagoon (in situ) and the experiment
ater and brackish water), 2014. The in situ salinity values are



Figure 3 The mean (�standard deviation) abundance of bacteria and fungi associated with charophytes from two study sites
(brackish water and freshwater) in the Curonian Lagoon (A and B) and in the experimental set-up under natural and stressed conditions
(C and D), in June and August, 2014.
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significantly (Tukey's HSD p < 0.01) higher under the natural
conditions in August than in the other contrasts, whereas in
the experiment set-up it was significantly higher from the
natural conditions in June. There was no significant (F = 2.20,
df = 1, p > 0.05) effect of the stress conditions.

In total, 8 taxa of fungi isolated on nutrient agar were
identified to the genus level, whereas several not identified
taxa were pooled into mycelia sterile group due to the lack of
sporulation or other important features (Table 3). The num-
ber of fungi associated with charophytes in situ increased
from 3 in July to 8 in August. During these periods, the similar
pattern was observed from the experimental set-up.

Eighteen fungi operational taxonomical units (OTU) were
found throughout the study, where 4 of them occurred fre-
quently (Table 3); bands were considered common if they
were found on �50% of the dates. Although, the mean
number of fungal OTU at BW site was higher compared with
FW site, it did not significantly differ (t = 1.5, df = 6.0,
p > 0.05).

The most common isolated taxa was Cladosporium sp.,
which was found at various salinity conditions in both months.
Alternaria sp., Rhizopus sp., Rhodotorula sp. and Fusarium
sp. were found only in samples from August (Table 3).
To the best of our knowledge, there are only a few studies
about abundance of microorganisms associated with charo-
phytes, and only one of them considers fungi (Berg and
Hagemann, 2009; Hempel et al., 2008). Our results showed
that the mean abundance of bacteria associated with char-
ophytes was significantly higher than the one of fungi. The
determined abundance of bacteria in the Curonian Lagoon
was similar to the results obtained by Berg and Hagemann
(2009), where Chara hispida plants from a lake habitat were
colonized by bacteria in 0.3 � 105—4 � 105 CFU g�1 fw abun-
dance. However, the mean abundance of fungi was
1 � 102 CFU g�1 fw, which was two times lower than in our
study. Bacteria dominate over fungi on living and healthy
plant due to different colonization and nutrition strategy:
most bacteria are more efficient than fungi in the use of
simple polysaccharides and peptides (Romani et al., 2012 and
references therein) and are interacting as epiphytes (Egan
et al., 2013), while fungi usually live as endophytes (Porras-
Alfaro and Bayman, 2011; Rodriguez et al., 2009) and only to
some degree act as epiphytes in the phyllosphere of a plant.

In our study, the in situ abundance of bacteria and fungi
increased at both sites during August (Fig. 3a). This pattern
can be explained to some extent by findings in the studies of



Table 3 Presence (+) of fungi associated with charophytes after isolation on nutrient agar in June and August from two sites
(freshwater and brackish water) and at different salinity treatments: from 0 to 6.44 PSU (* — in situ measurements). The number of
fungal taxa assessed by cultivation on nutrient media and taxonomic units by denaturing gradient gel electrophoresis (DGGE). DGGE
analysis data from August are missing due to the failed analysis.

Fungal taxa (abbreviation) June August

Brackish water Freshwater Brackish water Freshwater

0 1.96 * 3 6 0 0.19 * 3 6 0 3 6 6.44 * 0 0.17 * 3 6

Alternaria sp. + + +
Aspergillus sp. + + + + + + +
Cladosporium sp. (CLA) + + + + + + + + +
Mucor sp. + + + + + + +
Penicillium sp. + + + + + + +
Rhizopus sp. + + +
Rhodotorula sp. + +
Fusarium sp. + + + +
Mycelia sterile + + + + + + + + + + + + +
Yeasts + + + + +

Total fungal taxa 1 4 3 3 1 4 1 3 3 2 4 8 5 8 5 5
Fungal operational taxonomic
units (DGGE)

4 8 10 11 5 6 8 1
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bacterias (Hempel et al., 2008; Romani et al., 2012), where
older shoots usually enhance the growth of bacteria due to
increased leak of organic compounds and inorganic nutrients.
In the Curonian Lagoon, almost 12 fold difference in fungi
abundance between FW and BW sites in August (Fig. 3b)
indicates earlier senescence of charophytes at FW site. This
could be explained by the different hydrological conditions at
those two sites: a higher amount of organic material and
more turbid waters from river inflow at FW site than at BW
site (Krevs et al., 2007). Shallow freshwater aquatic ecosys-
tems having abundant and diverse amount of organic matter
(from both autochthonous and allochthonous origins) are a
suitable habitat for microbial communities (Wetzel and
Søndergaard, 1998; Wurzbacher et al., 2010). Abundant
saprophytic fungi spores or hyphae from the water column
and sediment can attach to a plant with lower photosynthetic
activity and develop as epiphytes, meanwhile most of the
endophyte fungi begin to act as saprobes and rapidly colonize
decaying material (Porras-Alfaro and Bayman, 2011; Zuccaro
et al., 2008). Bacteria are also abundant in such environment
(Wetzel and Søndergaard, 1998). However, in our study, the
observed significantly lower abundance of bacteria at FW site
compared with BW in August could be affected by fungal
activities. It is known that microorganisms sharing the com-
mon host and substrate can interact in a synergistic or
antagonistic manner (Mille-Lindblom et al., 2006; Zuccaro
et al., 2008). Fungi are more efficient than bacteria in the use
of complex polysaccharides and peptides and can inhibit the
growth of bacteria by producing antibiotic substances at the
same time (Romani et al., 2012 and references therein).

Our results from the in situ and the experimental set-up
clearly showed the optimal salinities for the net primary
production (NPP) of charophytes (see Fig. 2). The in situ
rates of NPP from FW and BW sites were closest to NPP from
the treatments that corresponded salinity appropriate for
the sites (0 and 3 PSU, respectively). The similar pattern was
found in the southern Sweden (Blindow et al., 2003), where
the highest rate of photosynthesis of C. aspera collected from
freshwater lake was at 0 PSU, whereas plants collected from
brackish water of the Baltic Sea (ca. 8 PSU) had their optima
at 5—10 PSU. On the other hand, the significant decrease of
NPP in our experiment was determined in the treatments that
did not correspond in situ salinities, and therefore indicated
stress of charophytes due to changes in salinity. According to
Blindow et al. (2003), plants do not gradually adapt to
increasing salinities and probable salinity shock can be fea-
sible and affect physiological processes such as germination
and photosynthesis.

Based on the data from our experimental set-up, we found
that bacteria are partly affected by short term salinity
changes (3 PSU at FW and 6 PSU at BW sites), which resulted
in the increase of bacteria abundance. This can be due to
increased leak of organic compounds and inorganic nutrients
(Hempel et al., 2008; Romani et al., 2012) from stressed
plants. Meanwhile, higher organic and lower phenolic con-
tent in a host plant seems to explain (Hempel et al., 2008)
that the higher mean abundance of bacteria are observed at
BW site than at FW site in August. Fungi abundance in the
experimental set-up was significantly suppressed by short
term changes in salinity only at FW site in August where the
highest fungal activity was observed in in situ conditions. This
could be caused by direct inhibition effect of saline water on
fungi activity in the decomposition processes (Connolly
et al., 2014) or indirect effect as salinity can trigger plant
responsive mechanism against environmental stress (Holzin-
ger and Pichrtová, 2016). Plant starts to produce secondary
metabolites that protect the cell against environmental
stress and possess antifungal properties (Ghazala et al.,
2004; Juan et al., 2014), which can suppress epiphytic fungi.

In this study, the fungal diversity indicated by culturing
method was lower in comparison with DGGE method. Micro-
scopic or culture based methods usually underestimate the
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diversity of fungi in comparison with molecular methods
(Duarte et al., 2012) due to a small size of identified organ-
isms, the absence of distinguishing phenotypic characters
and that most of the microorganisms cannot be cultured
(Duarte et al., 2012). On the other hand, molecular methods
can show a presence of not active (dead) microorganisms
(Duarte et al., 2012). The combination of traditional (fungal
strain cultivation on agar media) and molecular techniques is
the best option for identification of fungal community asso-
ciated with macrophytes.

From our isolated fungi, Alternaria sp. and Cladosporium
sp. are considered as one of the most common fungi taxa of
the aquatic algae (Loque et al., 2009; Zuccaro et al., 2003).
Both taxa appear to lack host specificity, having been isolated
as fungal endophytes from numerous locations and hosts
(Flewelling et al., 2015 and references therein). Fungi taxa
observed from the samples in August (Fusarium, Penicillium,
Aspergillus, Cladosporium, Mucor and Rhizopus) are domi-
nating genera of terrigenous micromycetes, which propa-
gules are abundant in the water column and bottom
sediments (Voronin, 2014). Most of the fungi belonging to
those genera are saprophytes and their spores or hyphae from
the water column and sediment can attach to a plant and
take part in decomposition processes (Wurzbacher et al.,
2010). In August, their presence in association with charo-
phytes and increased abundance could indicate senescence
processes of charophytes.

There were a similar number of culturable fungi taxa at
both study sites. Slightly higher diversity at BW site was
observed in June based on DGGE analysis. It is known that
diversity of fungi usually decreases with increasing salt con-
centration (Kis-Papo et al., 2001). Although, fungi can exhibit
broad salt tolerance, higher fungal diversity is observed in
brackish than in marine or freshwater environment (El-Shar-
ouny et al., 2009; Mohamed and Martiny, 2011; Ristanović and
Miller, 1969). Osmotic pressure by salinity can affect the
production of conidia and growth of filamentous fungi (Mert
and Ekmekçi, 1987). Nevertheless, other abiotic factors can
influence fungal diversity, such as temperature, substrate
(nutrient availability), pH, hydrostatic pressure and oxygen
(Bärlocher and Boddy, 2016).

Thus, it is evident that more understanding is needed in
ecological interactions between microorganisms and their
hosts under dynamic environmental conditions (such as estu-
aries) in order to predict ecosystem changes according to
ecological scenarios (e.g. climate change). The discovered
diversity of fungi, especially of endophytic origin, could be an
interesting study object for applied scientists to assess cap-
abilities for production of bioactive compounds (Schulz
et al., 2002). It is known that Alternaria sp. possess anti-
microbial and anticancer activity, Cladosporium sp. — anti-
microbial and insecticidal activity (Flewelling et al., 2015;
Schulz et al., 2008), Penicillium and Aspergillus — antialgal,
antimicrobial, anticancer, antioxidant, and insecticidal
bioactivity (Flewelling et al., 2015).

In this study, we have shown that with charophytes asso-
ciated bacteria dominate over fungi. In the end of the
vegetation period, considerably lower fungi abundance at
the site frequently affected by brackish water than at the
freshwater site indicates that charophyte beds are in better
status in the brackish water environment, whereas at the
freshwater site saprophytic fungi are most likely to take part
in senescence process of vegetation. The short salinity
changes partly influenced the abundance of associated bac-
teria and fungi; therefore, other environmental factors than
salinity could be important, including the reaction of hosts
(e.g., production of secondary metabolites). The revealed
diversity of fungal taxa associated with charophytes may
serve for future applied research on the importance of these
fungi for biologically active metabolites.
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Summary Since 1987 annual summer cruises to the Nordic Seas and Fram Strait have been
conducted by the IO PAN research vessel Oceania under the long-term monitoring program AREX.
Here we present a short description of measurements and preliminary results obtained during the
open ocean part of the AREX 2016 cruise. Spatial distributions of Atlantic water temperature and
salinity in 2016 are similar to their long-term mean fields except for warmer recirculation of
Atlantic water in the northern Fram Strait. The longest observation record from the section N
along 768300N reveals a steady increase of Atlantic water salinity, while temperature trend
depends strongly on parametrization used to define the Atlantic water layer. However spatially
averaged temperature at different depths indicate an increase of Atlantic water temperature in
the whole layer from the surface down to 1000 m.
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and Arctic Ocean (e.g. Polyakov et al., 2012; Stroeve et al.,
2012). In the last two decades, the summer sea ice extent has
shrunk dramatically together with a strong decline of its
thickness and volume (Serreze and Stroeve, 2015). While
many complex feedback processes contribute to the
enhanced warming of the Arctic region called Arctic ampli-
fication, it is largely driven by the loss of the sea ice cover,
allowing for strong heat transfers from the ocean to the
atmosphere. By exposing larger dark open areas, where
the ocean can absorb more of the sun's energy and in con-
sequence warm further, the loss of sea ice in the Arctic Ocean
also has the potential to accelerate global warming trends
and to change climate patterns (Overland, 2016).

Large oceanic exchanges between the North Atlantic and
the Arctic Ocean result in the strong conversion of water
masses when warm and salty Atlantic water (AW), trans-
ported through the Nordic Seas into the Arctic Ocean,
undergo cooling, freezing and melting. As a result, it is
transformed into freshened shelf waters over the shallow
shelves, sea ice and dense (and highly saline) deep waters
(e.g. Dickson et al., 2008). Southward transport of the Arctic
origin and dense overflow waters is one of the main mechan-
isms of the global thermohaline circulation (THC, e.g. Maur-
itzen, 1996). A better understanding of the variability of
volume and heat transports between the North Atlantic and
Arctic Ocean as well as processes of water mass conversion is
necessary for improved qualitative and quantitative estima-
tion of the large-scale meridional overturning circulation and
its role in shaping the climate change in the northern hemi-
sphere on inter-annual to decadal time scales.

Fram Strait is the only deep passage linking the Nordic
Seas and the Arctic Ocean. The northward transport of warm
and salty Atlantic water, carried by the Norwegian-Atlantic
Current and farther by the West Spitsbergen Current, has a
significant impact on conversion and circulation of water
masses in the Arctic Ocean (e.g. Rudels et al., 2015) as well
as on sea ice and atmospheric fluxes in the Arctic. The
complex bottom topography of the northern Greenland Sea
and Fram Strait results in the splitting of both currents into
several branches, located along the underwater ridges and
the continental slope (e.g. Bourke et al., 1988; Quadfasel
et al., 1987; Walczowski, 2014). The spatial extent and
relative intensity of these branches to a great degree deter-
mine oceanic heat flux into the Arctic Ocean (e.g. Beszc-
zynska-Möller et al., 2012; Schauer et al., 2008).

Understanding of Arctic climate processes is the main aim
of the current oceanographic and atmospheric studies car-
ried on in the polar region. The Institute of Oceanology PAN
(IO PAN) contributes to this challenge with the strategic
research initiative addressing the role of the ocean in chan-
ging climate and its effects on the European seas. Its core
activity, the long-term monitoring program AREX, is focused
on multidisciplinary observations in areas such as physical
oceanography, air—ocean interactions, ocean biogeochemis-
try and ecology to study the long-term changes of abiotic and
biotic Arctic environment. Every summer since 1987 the
large-scale field measurements have been carried out in
the Nordic Seas and European Arctic from the board of the
IO PAN research vessel Oceania. These data, collected under
the observational program AREX every year in the same way,
provide time series of key ocean variables which allow
monitoring changes of the Arctic environment and improving
numerical simulations of ocean, sea ice and climate in the
Arctic region.

The main aim of the long-term AREX program and annual
cruises, carried by r/v Oceania for the last 30 years in the
Nordic Seas and Fram Strait, is to recognize and describe
processes responsible for changing ocean climate and marine
ecosystem in the sub-Arctic and Arctic region with a special
focus on the European Arctic (Walczowski, 2014). To achieve
this goal a large-scale study area, covering the poleward flow
of Atlantic water in the eastern Nordic Seas and Fram Strait,
has been selected for annually repeated ship-borne measure-
ments on a regular grid. Most of the regularly repeated
stations are distributed along several zonal sections, crossing
the continental shelf break at the right angle and extending
towards the deep basin. On the eastern side, the AREX
oceanographic sections are limited by the Barents Sea shelf
break and the shelf area west and north of Svalbard. To the
west, the sections cross the Arctic Front, located above the
system of underwater ridges (the Mohn and Knipovich ridges)
and limiting the extent of Atlantic water in the Nordic Seas.
The zonal sections following the Atlantic water inflow from
the Norwegian Sea to the northern Fram Strait allow to assess
transformation of water masses originating from the North
Atlantic and advected northward. Two meridional sections,
one from the northern Norway towards the Bear Island and
one between the Bear Island and the southernmost tip of
Svalbard (Sørkapp), cover the eastward flow of Atlantic
water to the Barents Sea.

The AREX program and IO PAN field campaigns in the Arctic
region are mainly based on statutory funding but since the
early 90s they have also contributed significantly to several
international projects, e.g. VEINS (Variability of Exchanges in
the Nordic Seas, 1997—2000), ASOF-N (Arctic and subArctic
Oceanic Fluxes — North, 2003—2005), and IP DAMOCLES
(Developing Arctic Modelling and Observing Capabilities for
Long-term Environment Studies, 2006—2009). The summer
measurement campaigns of r/v Oceania and year-round
observations with oceanographic moorings in the Nordic
Seas, Fram Strait and, in recent years, in the southern Nansen
Basin also provided crucial data for several projects under
the Polish-Norwegian Research Program, including AWAKE-1
and -2, PAVE, CDOM-HEAT, POLNOR, and others. Last but not
least, time series of ocean observations, collected in the last
30 years from r/v Oceania, have been employed by many IO
PAN researchers and PhD students to carry on numerous
studies of the Arctic climate and environment in the frame
of IO PAN statutory research.

2. Oceanographic measurements during the
AREX 2016 cruise

The AREX cruise of the IO PAN research vessel Oceania,
repeated every summer over the same time period (June—
August), in 2016 took place from June 14 to August 29. Two
legs of the AREX 2016 cruise were devoted to the collection of
oceanographic, meteorological, aerosol and ocean ecosys-
tem observations in the open ocean regions, including the
eastern Norwegian and Greenland seas, Fram Strait and the
southern Nansen Basin of the Arctic Ocean.

The hydrographic survey carried out during the AREX
2016 cruise consisted of 11 sections extending from the outer



Figure 1 Location of CTD stations measured during the open ocean part of AREX 2016 (June 21—July 24, 2016). Red dots mark CTD
stations and yellow line shows the high-resolution towed CTD section. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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shelf across the slope into the deep basin in order to sample
the northward flow of Atlantic water and 2 meridional sec-
tions across the Barents Sea Opening and Storfjorden Trough
to assess the exchange with the Barents Sea. A total of
270 conductivity-temperature-depth (CTD) full-depth stations
within the geographical area 708300—818150N and 0—208E (with
one section extending to 58W) were carried out from June 21 to
July 24, 2016, on board the r/v Oceania (Fig. 1). In addition to
CTD casts, the ocean currents were measured with a Lowered
Acoustic Doppler Current Profiler (LADCP) at each station and
the upper ocean currents were continuously recorded during
the whole survey with a Vessel-Mounted Acoustic Doppler
Current Profiler (VMADCP). Water samples were collected at
selected stations for calibration of conductivity sensor and
biological and biogeochemical analyses.

Oceanographic measurements and collection of water
samples during the AREX 2016 cruise contributed to several
IO PAN statutory tasks and external research projects
(national and international). Observations were carried on
by three groups of scientists, focused on physical oceano-
graphy, meteorology and air—ocean interactions, and marine
biology, but collaborating together during different ship-
borne measurements. A total of 10 scientists were supported
on deck by two oceanographic instrumentation technicians
and the ship crew for the heavy gear operations (e.g. carousel
water sampler, multinet).

Following oceanographic measurements were carried on
during the open ocean part of the AREX 2016 cruise:

� Full-depth measurements of temperature, salinity, dissolved
oxygen and ocean currents in the Norwegian-Atlantic and
West Spitsbergen currents (CTD, LADCP, VMADCP).
� High-resolution hydrographic measurements with a towed
CTD system (scan-fish) at the section across the shelf and
shelf break west of Svalbard (in the vicinity of the Horn-
sund outlet).

� A collection of water samples for calibration of conduc-
tivity and oxygen sensors and nutrient analysis.

� Deployment of two ARGO floats in the Norwegian Sea.
Additionally, the standard meteorological observations were
carried out according to the SHIP standard and instantaneous
values of wind components, air humidity and CO2 concentra-
tion were measured separately. Concentration and distribu-
tion of marine aerosols, as well as aerosol optical thickness,
were measured at selected stations. On selected stations,
plankton samples were collected with various sampling gear
(WP2 nets, Multiple Plankton Sampler) and preserved for
different biological analyses in the laboratory.

The standard CTD system Seabird 9/11+ used during the
AREX 2016 cruise was equipped with double pairs of temper-
ature (SBE3) and conductivity (SBE4) sensors and Digiquartz
pressure sensor 410K-105. Additionally, CTD system carried
two dissolved oxygen sensors (one standard SeaBird sensor
SBE43 and additional Rinko optode, connected directly to the
CTD registration system), SeaPoint fluorescence sensor and
Benthos altimeter Benthos PSA-916. The CTD system was
mounted on the SeaBird bathymetric rosette (carousel)
equipped with 9 large Nansen bottles (12 l each) and 3 small
bottles (1.75 l each). Originally the rosette is designed to
carry 12 large bottles but due to the mounting system for
LADCP only 9 bottles can be used in the current configuration.
RDI Teledyne Workhorse 300 kHz was used as Lowered Acous-
tical Doppler Profiler (LADCP), mounted in downward-looking
configuration. The collected CTD data were registered on the
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PC hard drive with a double backup on the external RAID
array. The preliminary data processing was done in the near-
real time while the final data set was available after the post-
cruise calibration of sensors. The LADCP data were read out
after each station and stored in single files for each cast.
During the entire cruise, the underway measurements of
ocean currents in the upper layer of about 300 m depth were
continuously recorded with the Vessel Mounted Acoustic
Doppler Current Profiler (RDI VM-ADCP 150 Hz).
Figure 2 Spatial distribution of temperature measured in (a) 2015 a
depth of 100 m. Thick lines depict isotherms 58C and 08C (a and b) or is
section were used to extend the studied area towards the southwe
3. Properties of Atlantic water in summer
2016 and their long-term variability

Since 2000, oceanographic measurements during the open
ocean part of r/v Oceania cruise under the AREX program
have been collected at the same stations, almost on the same
day of the year. Collected time series of water properties are
used to study long-term changes in the ocean climate in the
nd (b) 2016, and salinity measured in (c) 2015 and (d) 2016 at the
ohalines 35.0 and 35.1 (c and d). Norwegian data from the Gimsøy
st.



Figure 3 (a) The long-term mean field (2000—2016) of vertically averaged temperature in the Atlantic water layer and (b) anomaly of
vertically averaged AW temperature measured in summer 2016 during the open ocean part of AREX 2016.

Table 1 Vertically averaged temperature (T) and salinity (S) in the Atlantic water layer, calculated for the whole studied area
(T_whole and S_whole) and separately for its northern (T_northern and S_northern) and southern (T_southern and S_ southern)
parts.

Parameter Long-term mean
(LTM), 2000—2016

STD,
2000—2016

2015 2016 Difference,
2016�2015

Difference,
2016�LTM

T_whole 3.82 0.25 3.71 3.77 0.06 �0.05
S_whole 35.06 0.01 35.05 35.06 0.01 0.00
T_southern 4.36 0.22 4.57 4.47 �0.10 0.11
S_southern 35.09 0.02 35.07 35.08 0.01 �0.01
T_northern 3.05 0.29 2.87 3.04 0.17 �0.01
S_northern 35.04 0.02 35.03 35.04 0.01 0.00

Figure 4 Vertically and spatially averaged temperature of the
Atlantic water layer in the studied area. The black line depicts
mean values for the whole area, the red line for the southern
part (south of 748N) and the blue line for the northern part (north
of 748N). Atlantic water is defined as warmer than 08C and more
saline than 34.92 (Walczowski, 2014). (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.)

Figure 5 Vertically and spatially averaged salinity of the
Atlantic water layer in the studied area. The black line depicts
mean values for the whole area, the red line for the southern
part (south of 748N) and the blue line for the northern part (north
of 748N). Atlantic water is defined as warmer than 08C and more
saline than 34.92 (Walczowski, 2014). (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.)
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Nordic Seas and Fram Strait. The AREX 2016 cruise extended
all time series to 17 years. However, the longest time series
collected at the section N along 768300N started already in
1996 and covers 21 years of summer observations. Due to its
length, this time series is used as representative for temporal
variability of the Atlantic water properties. Methods of
calculating the spatially averaged properties of Atlantic
water are presented in detail by Walczowski (2014).
Figure 6 Vertical distributions of (a) potential temperature, (b) s
observed in summer 2016.
Oceanographic conditions observed in summer 2016 in the
studied region were close to the long-term mean situation.
Similar as in 2015, the meridional extent of water warmer
than 58C observed at the depth of 100 m slightly exceeded
the latitude of 768N (Fig. 2a and b). The Arctic Front,
depicted by the isotherm 38C, was located at the same
position as in 2015. Only in the northern Fram Strait, the
westward deflection of isotherms can indicate stronger
alinity and (c) potential density at the section N along 768300N
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westward recirculation of Atlantic water in 2016, concurrent
with the weaker flow in the West Spitsbergen Current
towards the Arctic Ocean. Spatial distribution of salinity at
the depth of 100 m was also similar in 2015 and 2016 in the
studied area (Fig. 2c and d).

The long-term mean field (2000—2016) of vertically aver-
aged temperature in the Atlantic water layer is shown in
Fig. 3a. Anomalies of vertically averaged AW temperature,
presented in Fig. 3b, reveal slightly positive signal close to
the Barents Sea Opening and in the eastern Fram Strait.

Time series of the vertically averaged temperature and
salinity in the Atlantic water layer (defined as water with
T > 08C and S > 34.92), calculated for the whole studied area
and separately for its northern and southern parts confirm,
that AW temperature and salinity observed in summer
2016 were close to their climatological mean values (Fig. 4
and Table 1). Anomalies of mean AW temperature and salinity
in 2016, calculated with respect to the long-term mean
2000—2016, were all below their standard deviations. Mean
AW temperature and salinity for the northern part of the
studied area (north of the Bear Island) were 3.048C and
35.04 in 2016 as compared to their values observed in
2015 (2.978C and 35.04, respectively). Mean AW temperature
calculated for the whole studied region in 2016 was higher
than in 2015, mostly due to higher AW temperatures in its
northern part. In the southern part of the measured area
mean AW temperature in 2016 was lower than in 2015 but still
higher than its climatological mean 2000—2016 (Table 1).
Mean AW salinity reached the maximum in 2011 and since
then a steady decrease has been observed until 2015. In
2016 a small increase of AW salinity was observed in the
whole studied area (Fig. 5).

Temperature and salinity distribution at the section N along
768300N (Fig. 6) were also close to their long-term means. The
eastern branch of the West Spitsbergen Current (the WSC core)
is clearly visible between 12 and 148300E (between stations N1
and N4P). On the eastern side the hydrographic front is visible
on the shelf, separating warm Atlantic water carried by the
West Spitsbergen Current from cold and freshened waters of
the Sørkapp Current. To the west of the West Spitsbergen
Current, the westward extent of Atlantic water is limited by
the Arctic Front located about 78E (station N-6). Farther
westward the recirculating Atlantic water towards the Green-
land Sea can be traced in the upper layer.
Figure 7 Time series of the vertically averaged temperature
and salinity of the Atlantic water layer at the section N along
768300N measured in summers of 1996—2016.
The longest observed time series of Atlantic water tem-
perature and salinity, measured since 1996 at the section N
along 768300N are shown in Fig. 7. The Atlantic water layer
was defined with T > 08C and S > 34.92 and mean values
were calculated only for the part of the section limited to the
west by 68330E to exclude the recirculating Atlantic water. A
slight increase of AW mean temperature and salinity was
found for 2016 as compared to 2015. Mean AW temperature at
the section N was 2.968C in 2016 and exceed the 2015 value
by 0.138C. Mean AW salinity of 35.04 observed in 2016 was
higher by 0.03 than measured in 2015. The long-term trends
of AW temperature and salinity are both positive for the
period 1996—2016.

Since a definition of the Atlantic water layer is based on
temperature and salinity (or density) criteria, it strongly influ-
ences the temporal variability of AW mean temperature and
salinity, calculated according to different parametrizations.
Therefore mean temperature in the central part of section N
(limited by 98N and 128N, laying between 130 and 210 km) was
also calculated for selected depth levels (Fig. 8). The maximum
temperature is visible between 2004 and 2006 depending on the
depth level. The temperature trend reaches 0.0588C year�1 in
the upper layer between 0 and 400 m and decreases with depth
to 0.0158C year�1 observed at the depth of 1000 m. Tempera-
ture trends are positive and statistically significant (with p-
values less than 0.01) for all depth levels. Observed trends at
the section N confirm positive temperature trend observed
overall in the eastern Nordic Sea and accompanied by positive
salinity trend (Larsen et al., 2016).

While the 21-year-long time series of observations cap-
tures significant changes in water mass properties, it is still
too short to separate the effect of trends caused by the
ongoing climate change from multidecadal variability. The
Atlantic meridional thermohaline circulation and associated
fluctuations of poleward oceanic fluxes are strongly linked to
the Atlantic Multidecadal Oscillation, which has been iden-
tified as a coherent mode of natural variability with an
estimated period of 60—80 years (Delworth and Mann,
2000). Those multidecadal changes have been recently sup-
ported with strong observational evidence (e.g. McCarthy
et al., 2015; O'Reilly et al., 2016). In-depth discussion of
observed changes in relation to large-scale variability is out
of the scope of this short communication and will be
addressed in a separate paper.
Figure 8 Time series of temperature at the selected depths
observed in the central part of the section N (between 9 and
128E, i.e. between 130 and 210 km of the section).
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Oceanographic data collected under the AREX long-term
monitoring program during the 30th cruise of r/v Oceania
were used to extend time series of Atlantic water properties
and analyze long-term changes observed along the Atlantic
water inflow in the Nordic Seas and Fram Strait towards the
Arctic Ocean. Based on the results of a preliminary analysis,
summer hydrographic conditions observed in the Atlantic
water domain in 2016 were close to their long-term averages.
Atlantic water salinity reveals a clear positive trend while its
temperature trend depends strongly on used definition of the
Atlantic water layer. However spatially averaged tempera-
ture at different depths, calculated for the longest time
series, indicates a clear increase of Atlantic water tempera-
ture in the whole layer from the surface down to 1000 m.
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