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KEYWORDS Summary Amphipods are a diverse and important group of invertebrates contributing to the
Ecotoxicology; functioning of aquatic ecosystems. In spite of their variety, many species of amphipods share
Marine sediments; important biological and ecological characteristics that make them suitable test organisms for
Amphipods; assessment of the ecological quality of estuarine and marine sediments. Their pertinence as test
Corophium spp.; organism includes ecological relevance, close association with sediments, sensitivity to environ-
Bioassays mental contaminants, and amenability for culture and experimentation. Amphipod bioassays are

used to examine the effect of exposure to contaminants, as well as to assess whole sediment
quality, improve bioassay methods, develop more sensitive endpoints, and compare sensitivity
and utility of species in environmental quality assessment. This work reviews the developments in
this area of research over the last decades, focusing on European amphipods. The most often used
species, the type of bioassays and endpoints investigated, confounding factors influencing the
bioassays outcome, and the main applications of the bioassays have been presented. This review
also addresses some aspects of amphipod biology that are relevant for bioassay methods and
results analysis.
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1. Introduction

Benthic habitats represent significant compartments of
aquatic ecosystems, often negatively influenced by various
anthropogenic activities including sediment contamina-
tion, especially in estuarine and marine areas (Chapman
et al., 2013). These environments support diverse commu-
nities and ecological functions of ecosystems, but the
presence of contaminants in sediments can negatively
impact their ecological balance and, indirectly, human
health (Burton, 1992). The significance of benthic habitats
in determining ecosystem's health status has been stressed
by the EU Marine Strategy Framework Directive (MSFD
2008/56/EC).

Amphipods, due to their habitat and lifestyle, are widely
used test organisms for assessment of marine and estuarine
sediment quality (Chapman et al., 1992, 2013; Postma
et al., 2002). Attributes that make amphipods highly sui-
table for this purpose include their habitat at or below the
sediment—water interface which ensures continuous expo-
sure to sediment contaminants. Most species are charac-
terized by sensitivity to contaminants, relatively broad
tolerance for a wide range of salinity, sediment particle
sizes and organic matter content, which facilitates tests
with a variety of sediment types. Ecological significance
(important links in coastal food chains) and wide geographic
distribution of some species allows for comparisons
throughout regions. They are relatively simple to collect
from the field, handle and maintain in laboratory condi-
tions. They can be cultured and show high survival rates
under laboratory conditions (Chapman et al., 2013; Conlan,
1994; Lourens et al., 1995; Stronkhorst, 2003). Amphipods
can be exposed to sediment contaminants through inter-
stitial and/or bottom waters, as well as through ingestion of
detritus/organic matter and a fine fraction of sediment. For
sediment quality assessment, both infaunal and epibenthic
amphipods e.g., Corophium spp. and Gammarus spp., have
been recommended and used (Casado-Martinez et al.,
2007; Chapman and Wang, 2001; Costa et al., 2005; Kunz
et al., 2010; Macken et al., 2008; Van Den Brink and Kater,
2006). Burrowing species (such as Corophium spp.) are
considered particularly good bioindicators as they are
directly exposed to harmful substances through gills and
body surface absorption and due to ingestion of fine sedi-
ment particles (Burton, 1992).

The use of amphipods for sediment toxicity testing was
firstly developed in North America in the 1970s (Burton,
1992). In the 1990s amphipod bioassays became increasingly
important in regulation and sediment assessment in North
America, less so in Europe since only a few such bioassays had
been then developed for European species (Chapman et al.,
1992). Since that time the research advanced in this area,
and a number of guidelines and numerous papers have been
published worldwide (Table 1). Generally, the sediment toxi-
city testing can be performed with relatively simple bioas-
says, however, for in-depth assessment of sediment quality, it
is recommended that the assessment includes also sediment
chemistry and in situ benthic community structure which
comprises the so-called sediment quality triad (Chapman,
1990; Chapman and Wang, 2001). The bioassays advantage is
that they integrate the interactive effects of the complex
contaminant mixtures present in sediments providing an

integrative measure of contaminant-induced biological
effects (ASTM, 1991).

Burrowing amphipods recommended and used in marine or
estuarine sediment toxicity studies in North America include
Ampelisca abdita, Corophium volutator, Rhepoxynius abro-
nius, Eohaustorius washingtonianus, Eohaustorius estuarius,
Amphiporeia virginiana, Foxiphalus xiximeus, Leptocheirus
pinguis (Anderson et al., 2007; Chapman et al., 1992; Envir-
onment Canada, 1992; Fay et al., 2000; Meador et al., 1993;
Nipper et al., 2002). In Europe, the Corophium genus has
been recommended by ICES as a standard species for marine
and estuarine sediment toxicity testing (Roddie and Thain,
2001). It has been also used for regulatory purposes for
testing chemical products that are liable to accumulation
in sediments (Cesnaitis et al., 2014). OSPAR (2006) indicated
C. volutator for testing chemicals used in the offshore oil
industry. Although recommended, C. volutator is not com-
mon in Southern Europe, and locally available Corophiidae
species have been proposed as alternatives, such as Coro-
phium orientale, Corophium arenarium, Corophium multi-
setosum or Monocorophium insidiosum (OSPAR, 2006, 2013;
Prato et al., 2010; SETAC-Europe, 1993). Various species of
the Corophium genus as well as representatives of other
genera such as Gammarus and Ampelisca, depending on their
natural occurrence, availability, and existing methodologies,
have been used in studies of sediment quality (Table 1). Some
amphipods, such as deposit-feeding benthic, keystone spe-
cies in the Baltic Sea, Monoporeia affinis and Pontoporeia
femorata, have been recommended by HELCOM and ICES
as indicators of reproductive effects associated with hazar-
dous substances in the marine environment (HELCOM, 2017;
Sundelin et al., 2008a).

As bioassays with amphipods are being increasingly
applied in the marine and estuarine environmental assess-
ment, reviewing the issues related to their application can be
of interest to scientists and consulting agencies involved in
this type of activity. The objective of this review was to
provide an update on developments in this area of research
during the last decades. The review presents the most often
used amphipod species with emphasis on European studies,
the type of bioassays employed, endpoints investigated,
confounding factors influencing the bioassays outcome
and species sensitivity, and the main applications of the
bioassays. Moreover, some aspects of amphipod biology
and ecology have been addressed.

2. Some aspects of amphipod biology and
ecology

Amphipoda (Crustacea, Malacostraca) constitute an impor-
tant biological group of marine, estuarine, and freshwater
aquatic ecosystems. They inhabit pelagic and benthic com-
partments exhibiting different life patterns, habitat prefer-
ences, and feeding ecology. Amphipods are herbivores,
detritivores or scavengers (grazing on algae), omnivores
or predators, and represent important links in aquatic food
chains. A number of amphipod species, considered as herbi-
vorous shredders, show a high diversity in food spectrum,
consuming various types of plant materials as well as inver-
tebrates. An example is Echinogammarus marinus which has
been shown to consume algae as well as hard-bodied isopods



Table 1

Studies on estuarine and marine sediment quality using amphipod species.

Test species

Objectives

Test duration and investigated
endpoints

Investigated matrix (area)

Applied guidelines

Reference

Leptocheirus plumulosus

Echinogammarus marinus

Monocorophium insidiosum®

Grandidierella bonnieroides

Corophium volutator

Corophium orientale,
Monocorophium insidiosum®

Corophium multisetosum

Melita plumulosa

Ampelisca abidita,
Leptocheirus plumulosus

Monocorophium insidiosum®,
Gammarus aequicauda

Monocorophium insidiosum®

Corophium multisetosum

Corophium volutator

Corophium orientale

Study of effects of sediment-
associated weathered slick oil.
Assessment of the short-term
in situ assay.

Development of an evaluation
tool for sediment toxicity
detection

Assessment of sediment
quality

Study on burrowing activity as
endpoint.

Comparison of the sensitivity
of two amphipods.

Comparison of the sensitivity
of laboratory-cultured and
field-collected amphipod.
Comparison of in situ and
laboratory tests results.
Comparison of acute and
chronic toxicity methods.
Comparison of response of the
species from different
evolutionary levels and
habitats.

Optimization of methodology
for a bioassay.

Assessment of performance of
the amphipod in toxicity
testing.

Assessment of sediment with
use of a battery of multi-
trophic species and multiple
exposure phases.

Assessment of sensitivity and
applicability of an amphipod in
the bioassays.

28-d survival, growth,
reproduction

48-h survival; 30-, 60-, 120-
min post-exposure feeding
rates

10-d survival

10-d survival

10-d survival, burrowing

10-d survival

10-d survival

gametogenesis, fertilization,
and embryo development
10-d survival; 28-d survival,
growth, reproduction

10-d survival

10-d survival

10-d survival

10-d survival

96-h survival; 10-d survival

Whole sediment (Gulf of
Mexico, USA)

Whole sediment (the Minho
and Lima River estuaries,
Spain)

Whole sediment (Taranto Gulf,
Italy)

Whole sediment (Macaé River
Estuary, Brazil)

Whole sediment, laboratory
culture (highly contaminated
harbor, Germany)

Whole sediment, two species
sensitivity comparison
(Livorno harbor, Italy)

Whole sediment

Whole sediment

Whole sediment (New York/
New Jersey Harbor)

Whole sediment, three species
comparison (lonian Sea,
Taranto, Italy)

Whole sediment

Temperature, salinity,
cadmium, laboratory culture

Whole sediment (Irish

estuaries)

Water-only and whole
sediment (Venice Lagoon)

ASTM, 2008; USEPA, 2001a

Short-term in situ
procedure was developed

ASTM, 1993a; ISO, 2001

ASTM, 2008

DIN EN ISO 16712, 2007
ASTM, 1993a; I1SO, 2001;
SETAC-Europe, 1993

Casado-Martinez et al.,
2007

Mann et al., 2009

USEPA, 2001a

ASTM, 1993b; SETAC-
Europe, 1993

ASTM, 1990, 1993a, 1997
ASTM, 1992, 2008

ISO, 2004; RIKZ, 1999;
Roddie and Thain, 2001

Procedure was developed

Lotufo et al., 2016

Martinez-Haro
et al., 2016

Prato et al., 2015
Molisani et al.,
2013
Siebeneicher

et al., 2013
Prato et al., 2010
Menchaca et al.,
2010

Mann et al., 2010
Kennedy et al.,
2009

Narracci et al.,
2009

Prato et al., 2008

Ré et al., 2009
Macken et al.,
2008

Picone et al., 2008
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Table 1 (Continued)

Test species

Objectives

Test duration and investigated
endpoints

Investigated matrix (area)

Applied guidelines

Reference

Corophium volutator,
Ampelisca brevicornis

Corophium volutator

Corophium multisetosum

Melita plumulosa

Corophium volutator
Leptocheirus plumulosus
Gammarus aequicauda,
Monocorophium insidiosum®
Melita plumulosa
Mandibulophoxus mai,
Monocorophium
acherusicum, Haustorioides
indivisus, Haustorioides

koreanus
Corophium colo

Gammarus locusta

Corophium volutator

Comparison of the sensitivity
of amphipods to dredged
sediments.

Description of methods and
confounding factors in chronic
bioassay.

Comprehensive estuarine
sediment toxicity survey with
acute and chronic assessment.
Description of the chronic
sublethal sediment toxicity
bioassay.

Assessment of ammonium
toxicity in bioassays at high
pH.

Effects of contaminated
harbor sediment in chronic
exposure.

Evaluation of toxicity of
copper, cadmium and mercury
in 5 species.

Development of a culturing
procedures.

Development bioassay
protocols for species native to
Korea.

Assessment and comparison of
the species sensitivity to
contaminated sediments.
Assessment of moderately
toxic sediments in chronic
exposures with biochemical
endpoints.

Study on the laboratory
cultures for sediment toxicity
testing.

10-d survival,
49-d survival, growth,
reproduction

10-d survival; 21-d survival,
growth, fecundity

10-d survival; 42-d survival,
reproduction,
bioaccumulation

10-d survival

42-d survival, growth,

reproduction, dry weight

10-d survival; 28-d survival,
growth

28-d survival, growth,

reproduction

10-d survival, behavior

10-d survival

28-d survival, reproduction?,
biochemical markers

71-d growth, reproduction

Whole sediment, two-species
comparison (Spanish harbor)

Salinity, ammonium, nitrate,
oxygen, laboratory culture

Whole sediment (Ria de Aveiro
estuary), laboratory cultures

Metal-spiked sediment, whole
sediments (Cockle Bay,
Warners Bay, Nords Wharf,
Australia)

Ammonium toxicity in
bioassays

whole sediment, laboratory
culture (Baltimore Harbor,
USA)

Whole sediment

Optimal conditions for
laboratory cultures

Whole sediment (Sihwa and
Onsan industrial complexes,
Korea)

Whole sediment (Sydney
Harbour, Australia)

Whole sediment (Sado and
Tagus estuaries, Portugal)

Laboratory cultures,
fecundity, fertility,
temperature preference

ASTM, 1991; USEPA, 1994

ASTM, 1999; 1SO, 2005;
Roddie and Thain, 2001;
USEPA, 2001a

Procedure was described

Procedure for chronic
bioassay was developed

Procedure was described

USEPA, 2001a,b

SETAC-Europe, 1993

ASTM, 2003a, 2003b;
USEPA, 2001a
ASTM, 1991; USEPA, 1994

ASTM, 1998

Procedure was described

USEPA, 2001a

Casado-Martinez
et al., 2007

Van Den Heuvel-
Greve et al., 2007

Castro et al., 2006

Gale et al., 2006

Kater et al., 2006

Manyin and Rowe,
2006

Prato et al., 2006

Hyne et al., 2005

Lee et al., 2005

McCready et al.,
2005

Neuparth et al.,
2005

Peters and Ahlf,
2005
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Table 1 (Continued)

Test species

Objectives

Test duration and investigated
endpoints

Investigated matrix (area)

Applied guidelines

Reference

Gammarus aequicauda,
Microdeutopus gryllotalpa

Leptocheirus plumulosus

Corophium volutator,
Ampelisca brevicornis

Paracorophium excavatum

Corophium orientale

Spiked-sediment exposures
Leptocheirus plumulosus

Monocorophium insidiosum®

Eohaustorius estuarius

Corophium volutator

Corophium volutator

Corophium volutator

Melita plumulosa

Sensitivity of the marine
organisms in assessment of
sediments.

Evaluation of the relationship
between laboratory and field
responses to contaminants.
Comparison of toxicity of
sediment contaminated with
mining spill to two species.
Assessment of suitability of
the amphipod in sediment
toxicity assessment.
Assessment of suitability of
the amphipods in harbor
toxicity assessment.

Study on effects of long-term
exposure to copper on
survival, growth and
reproduction.

Assessment of toxicity of three
antiparasitic pesticides.
Comparison of the sensitivities
of toxicity test protocols.

Development of a long-term
assay with polychaete and
amphipod.

Development of chronic
toxicity test method.
Assessment of suitability of
the amphipod in sediment
biomonitoring.

Evaluation of chronic toxicity
test.

10-d survival
10-d survival, 28-d survival,
growth, reproduction

10-d survival

10-d survival, 28-d survival

10-d survival

28-d survival, growth,
reproduction

10-d survival

10-d survival

10-d survival; 28-d survival,
growth,

28-d survival, growth,
reproduction
behavioral responses

10-d survival; 42-d survival,
reproduction,
bioaccumulation

Whole sediment, two-species
comparison (Portman Bay,
Spain)

Whole sediment (Baltimore
Harbour/Patapsco River
System)

Whole sediment (Bay of Cadiz,
Spain)

Whole sediment (Avon-
Heathcote Estuary)

Whole sediment (northern
Tyrrhenian Sea, Italy)

Cu-spiked sediment

Antiparasitic pesticides-
spiked sediment

Chlorpyrifos, copper,
fluoranthene, permethrin,
bifenthrin, and cypermethrin-
spiked sediment

Toxicity of lvermectin; UK

Crude oil-spiked sediment

Bioban pesticide-spiked
sediment

Metal-spiked sediment, whole
sediment (Cockle Bay, Warners
Bay, Nords Wharf, Australia)

ASTM, 1997; USEPA, 1994

USEPA, 1998

ASTM, 1993b

Bat and Raffaelli, 1998

Ciarelli, 1994

USEPA, 2001a

USEPA, 1994

USEPA, 1994

Roddie and Thain, 2001

ASTM, 2000; USEPA,
2001a, 1994

Procedure was described

Procedure for chronic
bioassay was developed

Cesar et al., 2004

McGee et al., 2004

Riba et al., 2003

Marsden et al.,
2000

Onorati et al.,
1999

Ward et al., 2015

Tucca et al., 2014
Anderson et al.,
2008

Allen et al., 2007

Scarlett et al.,
2007

Kirkpatrick et al.,
2006

Gale et al., 2006
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Table 1 (Continued)

Test species

Objectives

Test duration and investigated
endpoints

Investigated matrix (area)

Applied guidelines

Reference

Paracorophium excavatum

Ampelisca abdita

Ampelisca abdita

Ampelisca abdita

Study on influence of the
sediment copper on the
amphipod reproduction.
Evaluation of the ecological
significance of the laboratory
tests.

Study on the feasibility of the
amphipod for sediment
toxicity tests.

Determination of body
residues associated with acute
toxicity.

Interlaboratory comparative studies

Corophium volutator,
Ampelisca brevicornis

Eohaustorius estuarius
Corophium volutator,

Rhepoxynius abronius,
Bathyporeia sarsi

Comparison of the sensitivity
of amphipods to dredged
materials.

Determination of
interlaboratory variability in
sediment toxicity tests.
Identification of the most
useful sediment toxicity tests
for regulatory purposes and
general assessment.

28-d survival, growth
10-d survival, 70-d survival,
growth

10-d survival, avoidance

10-d survival

10-d survival

10-d survival

10-d survival, reburial

Cu-spiked sediment

Cd-spiked sediment

2,6-DNT-spiked sediment

Non-ionic organics-spiked
sediment

Whole sediment, inter-
laboratory, multispecies,
comparisons

Whole sediment, inter-
laboratory comparisons

Whole sediment, inter-
laboratory comparisons

Environment Canada, 1992

ASTM, 1993c

Procedure was described

USEPA, 1994

ASTM, 1991; RIKZ, 1999;
SETAC-Europe, 1993;
USEPA, 1994

ASTM, 1992; USEPA, 1994

Procedure was described

Marsden, 2002

Kuhn et al., 2002

Nipper et al., 2002

Fay et al., 2000

Casado-Martinez
et al., 2007

Bay et al., 2003

Chapman et al.,
1992

@ Additional chronic endpoints: whole-body metal bioaccumulation, metallothionein induction, DNA strand breakage, and lipid peroxidation.
b Basionym: Corophium insidiosum.

¥8l

96L—6/1 (610Z) L9 DI50JOUDAIQ /DYsMOIGDQJ "H ‘DYSUISaIPOd ‘M



W. Podlesinska, H. Dgbrowska/Oceanologia 61 (2019) 179—196 185

and soft-bodied oligochaetes (Dick et al., 2005; Navarro-
Barranco et al., 2013). Swimming species (e.g., Gammarus
spp.) and burrowing species (e.g., Corophium spp.) have
bodies compressed laterally and dorso-ventrally respec-
tively. Their sexual dimorphism and reproductive strategies
differ among species (Hyne, 2011). Generally, mature
females can be recognized by a brood pouch (marsupium)
with setae on the brood plates (oostegites; Fig. 1b). Ferti-
lization and development of eggs take place in marsupium.
Eggs hatch directly into a juvenile form and remain in the
brood pouch until the next female molt. The development of
embryos occurs concurrently with the maturation of a new
batch of oocytes in the ovaries in preparation for the next
spawning. There is a close link between moulting and
oogenic cycles i.e., the onset of molting is delayed until
the hatching and release of juveniles. This seems to facil-
itate the transfer of newly ovulated oocytes through the
oviducts into marsupium when the new exoskeleton is still
flexible. Mature males can be recognized by the presence of
genital papillae at the seventh thoracic segment at the

ventral side of abody (Fig. 1c). They are available for mating
during most of their molt cycle, while females are sexually
receptive for a short period during their moult cycle (Sut-
cliffe, 1992).

2.1. Biology and ecology of some relevant
amphipod species

Corophiidae family species (suborder Senticaudata), like C.
volutator, C. multisetosum, C. orientale, and M. insidiosum,
are well studied and commonly used in sediment quality
studies in Europe (Table 1). They are endobenthic, tube-
dwelling species, inhabiting littoral zones of brackish or
saline environment where they often occur in extremely high
densities (Beukema and Flach, 1995; Casado-Martinez et al.,
2007; Cunha et al., 2000a; Jazdzewski et al., 2005; Meadows,
1964). The corophioid amphipods exhibit three feeding
modes i.e., suspension feeding from a current generated
by the pleopods, deposit feeding by leaving the burrow

Figure 1

(a) Corophium volutator female and male; (b) Adult female — marsupium, clearly visible oostegites with developed setae

holding eggs; (c) Adult male, arrows point to genital papillae (photos made by W. Podlesinska during the study of C. volutator from the

Puck Bay).
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and scraping surface detritus and microorganisms into the
burrow with the second antennae, and epipsammic browsing,
where the microbial biofilm is scraped off individual sedi-
ment grains (Gerdol and Hughes, 1994; Lowry and Myers,
2003). Abiotic factors such as temperature, salinity, and
sediment texture play an important role in the distribution
of the species. C. volutator is a euryhaline species usually
living in silty areas, while C. multisetosum prefers oligoha-
line and mesohaline waters and seems to prefer sediments
with a smaller amount of fines and organic matter content
(Beukema and Flach, 1995; Meadows, 1964; Ré et al., 2009).
C. volutator, similarly to other Corophiidae species, is mostly
deposit-feeder whose source of nutrition is particulate mat-
ter, organic detritus, bacteria and diatoms (Nielsen and
Kofoed, 1982). It is an important prey for demersal fish
and invertebrates and it is also predated by shorebirds
(Wilson and Parker, 1996). It typically produces two genera-
tions per year, while European populations from colder,
northern zones normally produce only one generation (Cunha
et al., 2000a,b; Peters and Ahlf, 2005; Wilson and Parker,
1996). Adult individuals show distinct sexual dimorphism,
males in comparison to females have a considerably larger
second pair of antennae (Fig. 1a). Natural populations of C.
volutator have been shown to be dominated by females
throughout most of the year (Dobrzycka and Szaniawska,
1993; Drolet and Barbeau, 2012; Peters and Ahlf, 2005).
Guidelines for sediment toxicity testing using these species
have been developed, as well as procedures for organism
cultivation in laboratory conditions (Costa et al., 2005;
Peters and Ahlf, 2005; Ré et al., 2009; Siebeneicher et al.,
2013). Presence of polychaetes, like Nereis diversicolor or
Arenicola marina, was observed to be a limiting biotic
factor for the Corophium spp. occurrence. The worms can
influence amphipod density and zonation through predation,
sediment disturbance, and tubes damage. Resulting swim-
ming behavior increases the risk of predation (Beukema and
Flach, 1995; Cunha et al., 2000a, Podlesinska, unpublished
data).

Gammarus locusta (Linnaeus, 1758) belongs to the Gam-
maridae family (suborder Senticauda). In contrary to Coro-
phium spp., it is an epibenthic species. It is an established
test species for sediment toxicity assessment in the western
Europe marine areas of high salinity (Costa et al., 2005;
Neuparth et al., 2002). Similarly to Corophium spp., it shows
high sensitivity to a variety of contaminants and is easily
cultured and handled in laboratory conditions. G. locusta is
widely distributed along the North-East Atlantic from Norway
to the Mediterranean Sea. Its populations are more fre-
quently found in fully marine conditions, but the species
inhabits less saline estuarine waters as well (Costa and Costa,
2000). Living in coastal and estuarine areas, it inhabits rocky
substrates with seaweeds and sandy or muddy bottoms cov-
ered by Zostera spp. beds. Despite high affinity to marine
salinities, G. locusta has a great potential for physiological
adaptation. The majority of its life-history traits determined
at a salinity of 20 does not differ from those at 33 (Neuparth
et al., 2002). It is one of the main prey items for fish, birds,
and marine invertebrates, therefore it plays a significant role
in the energy flow in the ecosystem. Its life cycle and
reproductive activity in natural environments might differ
among geographical areas. In the Saldo estuary, the repro-
duction was reported to be continuous throughout the year

(Costa et al., 2005). G. locusta was found the least common
and least abundant species in a survey of malacostracan
crustacea of the Baltic Sea, characterized by a low salinity
(Jazdzewski et al., 2005).

M. affinis (Lindstrom, 1855) of the Pontoporeiidae family
(suborder Amphilochidea) is one of the Baltic Sea glacial
relicts. It is a deposit-feeder living in sub-thermocline soft
bottoms, sandy and muddy sediments, mostly within the
upper 5 cm sediment layer. It usually occurs in large densi-
ties, thus it is a significant element of the marine trophic
web. The species is mobile during the night and during the
day remains burrowed in sediment. Adult specimens are
tolerant of low oxygen concentration, in contrast to their
eggs and embryos. Males reach sexual maturity at the length
of 6 mm, females at 9 mm. After mating in the autumn and
bearing over the winter, the female gives birth to 20—40
juveniles, which only happens once during their lifespan of
2—4 years. The fecundity and population abundance of M.
affinis can be influenced by a number of environmental
factors including food shortage and limitation of essential
fatty acids and amino acids (Sundelin et al., 2008b). In the
Swedish National Marine Program, it is used as a sentinel
species to monitor fertility, impaired growth, survival of
juveniles, and embryo malformations as the key endpoints
(Lof et al., 2016).

3. Assessment of sediment quality using
bioassays with amphipods as test organisms

3.1. Exposure matrices

Sediment toxicity bioassays can be conducted using various
exposure matrix. Most often whole sediment exposures have
been applied, although pore (interstitial) waters, elutriates,
and extracts exposures have been used as well. In the whole
sediment exposures, the test organisms are subjected to all
exposure routes without major changes in the physicochem-
ical properties of sediments (Chapman and Wang, 2001).
Burton and Johnston indicated that laboratory sediment
exposures can produce artifacts leading to some differences
in exposures compared to in situ conditions (Burton and
Johnston, 2010). These artifacts can include changes in
redox, pH, sorption and complexation, microbial activity,
and food availability among others. Thus, bioassay guidelines
recommend that basic parameters such as water tempera-
ture, dissolved oxygen concentration, pH, ammonia, sali-
nity/conductivity, and nitrate levels are to be monitored
during the bioassays.

3.2. Acute versus chronic bioassays

There are two types of bioassays: acute, with exposure time
less than a full life cycle of the test organism, and chronic,
covering at least one full life cycle of the test organism
(Chapman, 1989). Acute bioassay usually does not differenti-
ate low or moderately contaminated sediments which in
natural environments occur more commonly than highly
contaminated (Picone et al., 2016; Van Den Heuvel-Greve
et al., 2007). In the chronic bioassays, in addition to survival,
measurements of more sensitive sublethal endpoints are
carried out. That allows extrapolating toxicological effects
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at a population level. A number of studies compared acute
and chronic exposures to evaluate their effectiveness in
sediment toxicity assessment. For example, Castro et al.
in the Ria de Aveiro estuary (Portugal) conducted 10-d and
full life-cycle (21-d) exposures of C. multisetosum to sedi-
ment samples from 144 and 56 sites, respectively (Castro
et al., 2006). The authors reported that the 10-d exposures
yielded high survival and showed almost no toxic areas. While
the chronic exposures also showed relatively good survival for
most of the sites, the endpoints related to organismal growth
and fecundity clearly depicted the more contaminated estu-
ary areas. McGee et al. presented a study of the Baltimore
Harbor/Patapsco River System (MD, USA) which involved 10-d
and 28-d exposures of the indigenous amphipod L. plumulo-
sus to sediment samples from 11 stations (McGee et al.,
2004). The study showed an overall good agreement in the
biological responses between the two types of exposures in
depicting spatial differences in sediment contamination.
Gale et al. (2006) performed a study of an estuarine amphi-
pod, Melita plumulosa, exposed to heavy metals spiked
sediments for 10 and 42 days. It was reported that survival,
gravidity, fertility, and length did not differ between the
short and long-term Cd-exposures. In the Cu-exposures,
there was a significant growth reduction after 42-d compared
to the 10-d exposure. Fertility was the most sensitive end-
point that distinguished the 10-d and 42-d exposures to
Cu- and Zn-spiked sediments. Kennedy et al. (2009) examined
the acute and chronic toxicity of the New York/New Jersey
harbor sediments collected from nine sites of varying con-
tamination levels to four invertebrate species with an overall
objective to compare the performance of the two tests. The
endpoint responses varied among the tests, from low to
moderate and high. The 25-d exposure of L. plumulosus
was the only chronic exposure that differentiated the sedi-
ments, and its endpoint magnitudes seemed to be related to
sediment chemistry. A study by Allen et al. (2007), designed
to develop a long-term sublethal sediment bioassay with C.
volutator, tested 10-d and 28-d exposures to Ivermectin-
spiked sediments. The study showed no significant difference
in the LCsq values between the exposure periods, indicating
that longer exposure period did not increase the amphipod
sensitivity.

Generally, chronic bioassays require greater effort and
time involvement than acute bioassays. Yet, they represent a
useful tool for risk assessment in more environmentally
realistic exposure scenarios, whereas acute bioassays are
useful for identifying highly contaminated sediments, or
assess an immediate effect of exposure to specific substances
or conditions. It can be assumed that the sublethal endpoints,
like growth and fertility, can illustrate sediment toxicity
more plainly, however, the response can be contaminant
and species-specific.

3.3. Toxicity endpoints

In the 10-d acute toxicity bioassays, survival is usually the
sole endpoint measured. However a post-exposure burrowing
ability in a uncontaminated sediment can be used as a more
sensitive sublethal endpoint, as was shown in an extensive
study of sediment toxicity from the Sydney Harbour and its
vicinity (Australia) with an indigenous amphipod, Corophium

colo (McCready et al., 2005). Similar findings were obtained
by Siebeneicher et al. (2013), who tested the burrowing of C.
volutator and proved that the burrowing activity depends
also, as one would expect, on size and gender. Bat et al.
(1998) investigating the accumulation of heavy metals, mor-
tality, and burrowing behavior of C. volutator, reported that
the metals affected the burrowing behavior in a dose-depen-
dent manner. Hellou et al. (2008) in a study of Halifax harbor
sediments (Canada) was able to relate the C. volutator
sediment avoidance response to PAH bioaccumulation level.
Behavioral responses most often pertain to avoidance and/or
reburial ability, yet, behavioural endpoints can include a
variety of activities (Hellou, 2011). De Backer et al. (2010)
reported nine different behavioral activities of the C. volu-
tator which can be applied to other tube-building amphipod
species. These were: surface inactivity, surface crawling,
swimming, scraping, flushing (removing the excess of grain
and feces with the pleopods movement that create the
water current in the tube), subsurface inactivity, ventilating
and filter feeding, subsurface walking, and bulldozing (push-
ing the sediment grains out of the burrow with pleon). A
short-term, novel sediment toxicity endpoint, has been
recently proposed by Martinez-Haro et al. (2016) where
post-exposure feeding inhibition was used as an endpoint
in a study with amphipod E. marinus. In 30-min bioassay that
measured E. marinus post-exposure feeding rates, clean and
contaminated sites of the Minho and Lima River estuaries
(Portuguese coast) could be discriminated. In general, beha-
vioral bioassays represent a whole organism response and are
valued for simplicity, as well as also their time- and cost-
efficiency.

Sublethal endpoints bear importance for prediction of
long-term effects and are ecologically more relevant (Costa
et al., 2005). These endpoints most often include growth
measurement (mg/individual/d; or length and dry weight)
and fecundity (number of neonates per female), sometimes
gravidity (presence of eggs in brood pouch) and other repro-
ductive traits (Allen et al., 2007; Gale et al., 2006; Kennedy
etal., 2009; McGee et al., 2004; Van Den Heuvel-Greve et al.,
2007; Ward et al., 2015). In a study of a chronic toxicity of the
Saldo and Tagus estuary sediments (Portuguese coast) to the
amphipod G. locusta, Costa et al. (2005) examined the
reproductive outcome in more details. The authors consid-
ered not only fecundity as an endpoint, but also sex ratio (the
exposure began with 2—4 mm juveniles), the size (diameter
and volume) and developmental stages of embryos. Further-
more, the same study included a number of biochemical
endpoints, i.e. metal bioaccumulation, metallothionein
induction, DNA strand breakage and lipid peroxidation (Neu-
parth et al., 2005).

Amphipod embryo malformation rate has been shown to
be a sensitive endpoint in the field studies (Lof et al., 2016;
Sundelin and Eriksson, 1998). In a study of M. affinis
females in the Bothnian Bay and the Bothnian Sea with
known pollution levels, apart from fecundity, Lof et al.
(2016) investigated developmental stage of embryos and
their aberrations which included malformed, membrane-
damaged, and undifferentiated embryos with development
arrested before gastrulation, as well as dead and partially
dead broods. Based on the percentage of females with each
type of embryo aberration, the authors found out that
different types of aberrations were related to elevated
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concentrations of specific contaminants in sediments.
There was a strong correlation between the embryo mal-
formation rate and distance from the source of pollution.
The frequency of amphipod embryo malformations has been
used in field studies which dealt with sediment quality
assessment in the Baltic Sea. Berezina et al. (2017) inves-
tigated this endpoint in the amphipod Gmelinoides fascia-
tus in the Neva River estuary (the eastern Gulf of Finland,
the Baltic Sea), whereas Strode et al. (2017) used M. affinis
in the Gulf of Riga (the Baltic Sea). As all amphipod species
show similar embryo development (despite differences in
sexual behavior and embryogenesis), the method for
embryo staging and malformations can be extended to
other species (Sundelin et al., 2008a). Further studies
regarding associations between groups of contaminants
and specific malformations are encouraged (HELCOM,
2017).

3.4. Confounding factors

In sediment toxicity bioassays there are several confounding
factors which can influence the measured endpoints. These
factors are related to the water physicochemical character-
istics, sediment geochemistry, and to the biology of test
organisms. Temperature, salinity, and oxygen saturation
are the basic factors modulating organismal responses. Some
studies point out also to toxicants which can be present in
sediments, but not always considered in the bioassays, i.e.,
ammonia (originating from anthropogenic discharges and
natural decomposition process) and sulfides, which are com-
mon in estuarine sediments (as reviewed by Chapman and
Wang, 2001; Neuparth et al., 2002; Postma et al., 2002; Van
Den Heuvel-Greve et al., 2007).

Temperature is one of the key factors influencing meta-
bolic and physiological processes including growth, reproduc-
tion, duration of the amphipod life cycle, and sensitivity to
contaminants (Cunha et al., 2000b; Prato et al., 2008; Ré
et al., 2009). An experimental study by Kater et al. (2008)
with Corophium spp. showed negligible growth rate at a low
temperature of 5°C, noticeable at 10°C, and an optimum at
15°C which did not differ from that at 25°C. A study involving
G. locusta reported that at 20°C compared to 15°C (reference
condition) there was an acceleration and condensation of the
species life cycle i.e., faster individual and population
growth, reduction in the lifespan, and shorter generation
time (Neuparth et al., 2002). Peters and Ahlf (2005) who
studied reproduction of C. volutator in laboratory conditions
at 15, 19 and 23°C pointed out that the reproductive outcome
(number of offspring per female) was significantly better at
15°C than 23°C. Prato et al. (2008) reported reduced mor-
tality and sensitivity of Corophium insidiosum to contami-
nants at 10°C and 15°C compared to 20°C and 25°C, possibly
due to decreased oxygen consumption and energy expendi-
ture at lower temperatures. They suggested 15—20°C as the
optimal temperature for bioassays with M. insidiosum.

Sediment grain size and organic matter content are two
variables that, depending on their nature, can not only
modify the availability of sediment-bound contaminants
but have an influence on the test organism as well. For
example, Costa et al. (2005) reported that G. lacusta had
better growth rates and reproductive traits when chronically

exposed to muddy sediments (9—11% of total volatile solids,
TVS) than to sandy ones (0.4% TVS). This positive effect was
attributed to a richer and more efficient diet provided by the
muddy sediments (Costa et al., 2005). Piconeetal. (2008), in
an extensive evaluation of C. orientale as a bioindicator for
the Venice Lagoon, reported that sediment grain size and
organic carbon content (0.4—15%) were not influential fac-
tors for the 10-d mortality endpoint. As indicated by Burton,
(1992), the responses of organisms to test sediments (bioas-
say endpoints) can be affected by their life stage and health
condition, the acclimation to test conditions and exposure
duration, the route of contaminant uptake, and the mode of
toxicant action. Organisms that burrow freely in sediment
compared to tube-building and epibenthic species are more
directly exposed to contaminants present in interstitial
water and have greater direct contact with contaminated
particles, which results in their greater sensitivity. This has
been shown in a laboratory study with two amphipods, E.
estuaries (free-burrowing detritivore) and A. abdita (tube-
dwelling feeder) exposed to contaminant-spiked sediments
(Anderson et al., 2008) as well as in a field studies of
sediment toxicity in the San Francisco Estuary (Anderson
et al., 2007).

Biological factors that can influence bioassay endpoints
were the subjects of several studies, which involved an
exposure of amphipods to cadmium, zinc, and ammonia.
McGee et al. (1998) in a study of the acute toxicity of aqueous
cadmium to the estuarine amphipod Leptocheirus plumulo-
sus reported that size, reproductive status, and molting cycle
were significant factors influencing the sensitivity of indivi-
duals, which lead them to conclude that field-collected
animals might exhibit seasonal variation in sensitivity. This
aspect was further examined by Kater et al. (2000) in a study
of C. volutator exposed to cadmium in the context of their
origin (newly field-collected versus long-term laboratory-
held organisms), exposure media (natural versus artificial
seawater), body length, and percentage of gravid females.
Their study showed significant seasonal variation in sensitiv-
ity (lower in the winter than the summer period; expressed as
an LCsg value) irrespective of changes in the tested variables.
Although the reproductive cycle did not seem to be impor-
tant, it had been indicated that the sensitivity can be influ-
enced by the molting cycle. In a study which examined the
influence of life stage, gender, and a priori nutritional state
on the uptake of zinc and cadmium in E. marinus, it has been
shown that life stage and nutritional state were significant
factors for bioaccumulation of both metals, whereas only
cadmium bioaccumulation was gender-specific (Pastorinho
et al., 2009). Another study regarding the effect of season-
ality and body size on the sensitivity of Corophium urdai-
baiense and C. multisetosum found that the sensitivity
(greater during summer than winter) could be related to
reproduction as the percentage of gravid females was sig-
nificantly inversely related to the LCs values (Pérez-Landa
et al., 2008).

3.5. The sensitivity of amphipods to reference
toxicants

Sediment toxicity bioassays are often accompanied by short-
term reference toxicity tests for quality assurance purposes.
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These are water-phase tests performed with a reference
toxicant in order to obtain an information on the health
condition of the test organisms and detect changes in species
sensitivity that can influence the bioassay results (Kater
et al., 2000). The outcome measured in these tests is mor-
tality upon which an LCsq value (a concentration that causes
50% mortality of the test organisms) is being calculated.
Commonly used and recommended reference toxicant for
this purpose is cadmium (Kater et al., 2000; Picone et al.,
2008; USEPA, 2001a,b).

The sensitivity of amphipods to cadmium and ammonia
(which can be toxic if present during bioassays), expressed as
LCso values, is shown in Table 2. Some aspects of the sensi-
tivity were also raised in the 3.4 section in the context of
biological factors influencing bioassay results. As indicated by
the LCso values, cadmium is generally more toxic than
ammonia (Kater et al., 2000, 2006; Pérez-Landa et al.,
2008). In a given species the sensitivity has been shown to
depend on its biological characteristics, among which the
organism size seems to be most important. Smaller speci-
mens are more sensitive than larger, as reported by McGee
et al. (1998) for L. plumulosus exposed to cadmium and by
Pérez-Landa et al. (2008) for C. urdaibaiense exposed to
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ammonia (data not presented). The season is another factor
that influences the species sensitivity. Lower LCsq values for
cadmium and ammonia obtained in warmer months indicate
greater sensitivity in the summer period (Kater et al., 2000;
Pérez-Landa et al., 2008). Furthermore, some variation in
sensitivity can occur between laboratory-maintained and
freshly field-collected specimens (Kater et al., 2000; Mench-
acaetal., 2010; Ré et al., 2009), and between different field
populations (Onorati et al., 1999). Inter-species differences
in sensitivity to cadmium were examined by Prato et al.
(2010) in a study evaluating the suitability and applicability
of C. insidiosum and C. orientale for sediment toxicity testing
in southern Italy. This study showed that C. insidiosum was
significantly more sensitive to cadmium than C. orientale.

3.6. Guidelines and standard methods

Guidelines and standard methods are based on best practices
and support a unified approach to the sediment quality
assessment (Table 1). Commonly used guidelines and recom-
mendations are published by the International Organization
for Standardization (ISO), the American Society for Testing
and Materials (ASTM), the United States Environmental

Table 2 Sensitivity of amphipods to reference toxicants in water-only exposures.

Species Toxicant ~ Organisms description, LCsg range or  Test duration, References
time value (mgL~") temperature (°C)
Corophium volutator Cadmium f.c., l.c 1.3—-10% Kater et al., 2000
Corophium volutator Ammonia f.c. 12—86° Kater et al., 2006
Corophium insidiosum Cadmium f.c., 2—4 mm 1.30 £ 0.11 96-h, 16
Corophium orientale Cadmium f.c., 2—4 mm 3.03+0.7 96-h, 16 Prato et al., 2010
Corophium multisetosum Cadmium f.c., Aug 2.40 72-h, 15
Cadmium  L.c., Aug 5.82 72-h, 15 AR Gl AU
Corophium multisetosum Cadmium l.c. 0.71 96-h, 15
Cadmium Ll.c. 0.47, 0.58 96-h, 15
Cadmium L.c. 0.23, 0.25 96-h, 18 ,
Cadmium  L.c. 0.27, 0.33 96-h, 22 R e el 2t
Cadmium l.c 0.34 96-h, 22
Cadmium f.c. 0.31 96-h, 22
Corophium multisetosum Ammonia f.c., 4—7 mm, Sep 26 72-h, 15
Ammonia f.c., 4—7 mm, Jan 115 72-h, 15 ,
Cadmium f.c., 4—7 mm, Sep 0.63 72-h, 15 Perez-Landa et al., 2008
Cadmium f.c., 4—7 mm, Jan 31 72-h, 15
Corophium urdaibaiense Ammonia f.c., 4—7 mm, May 27 72-h, 15
Ammonia f.c., 4—7 mm, Aug 61 72-h, 15
Ammonia f.c., 4—7 mm, Dec 110 72-h, 15 Pérez-Landa et al., 2008
Cadmium f.c., 4—7 mm, Feb 2.28 72-h, 15
Cadmium f.c., 4—7 mm, Sep 0.88 72-h, 15
Corophium orientale Cadmium f.c. A5, 2-5 mm, 4.28 +1.35 96-h, 15 .
Cadmium  f.c. BS, 2—5mm, 2.91+0.82  96-h, 15 Onorati et ali, 1999
Leptocheirus plumulosus ~ Cadmium  l.c., 500 wm® 0.35 96-h, 25
Cadmium L.c., 710 pm¢ 0.65 96-h, 25 McGee et al., 1998
Cadmium L.c., 1000 um¢ 0.88 96-h, 25

Ammonia refers to total ammonia; f.c. — field collected; l.c. — laboratory cultured.

2 LCsp varied depending on month.

b | Cso varied depending on pH.

¢ Two field populations.

9 Size sorted on nested 500-, 710-, and 1000 pm mesh sieves.
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Table3 Multi-species set of bioassays (including Amphipods) used with other lines of evidence for assessment of estuarine and marine

sediments (selected studies).

Investigated lines of evidence

Matrix

The Gulf of Riga, eastern Baltic Sea (Strode et al., 2017):

Amphipod response: 10-d survival bioassay with Corophium volutator, Monoporeia affinis, Pontogammarus
robustoides, Bathyporeia sarsi® and Hyalella azteca

Metal contaminants

Benthic macroinvertebrate community

Southern Baltic Sea (Dabrowska et al., 2017):

Amphipod response: 10-d survival bioassay with Monoporeia affinis, Bathyporeia sarsi® and Pontogammarus
robustoides

Organic and metal contaminants

Biomarkers and contaminants

Biomarkers and contaminants

The Venice Lagoon (Picone et al., 2016):

Amphipod response: 10-d survival bioassay with Corophium volutator

Sea urchin response: sperm cell and embryo toxicity in Paracentrotus lividus
Bivalve response: embryo toxicity in Crassostrea gigas

Organic and metal contaminants

Spanish sea ports (Khosrovyan et al., 2015):

Amphipod response: 10-d survival bioassay with Corophium volutator and Ampelisca brevicornis
Polychaete response: 10-d survival bioassay with Arenicola marina

Bacteria response: contaminant accumulation and inhibition of luminescence in Vibrio fisheri
Sea urchin response: egg fertilization and embryogenesis in Paracentrotus lividus

Organic and metal contaminants

Grand Harbour, the Sicily Channel (Romeo et al., 2015):

Amphipod response: 10-d survival bioassay with Corophium orientale
Sea urchin response: embryo toxicity in Paracentrotus lividus
Bacteria response: inhibition of luminescence in Vibrio fisheri
Organic and metal contaminants

Benthic macroinvertebrate community

Santos-Sao Vicente Estuarine System, Brazil (Buruaem et al., 2013):
Amphipod response: 10-d survival bioassay with Tiburonella viscana

Sea urchin response: embryo malformations in Lytechinus variegatus

Sea urchin response: embryo-larval development in Lytechinus variegatus
Organic and metal contaminants

Benthic macroinvertebrate community

North eastern Baltic Sea (Berezina et al., 2013):
Amphipod response: 10-d survival bioassay with Monoporeia affinis, Gmelinoides fasciatus, Hyalella azteca
Benthic macroinvertebrate community

The Wadden Sea, The Netherlands (Van Den Brink and Kater, 2006):
Amphipod response: 10-d survival bioassay with Corophium volutator
Bivalve response: larval survival and deformations in Crassostrea gigas

Sea urchin response: survival, and re-burrowing in Echinocardium cordatum
Bacteria response: inhibition of luminescence in Vibrio fisheri

Organic and metal contaminants

Dutch harbors (Stronkhorst, 2003):

Amphipod response: 10-d survival bioassay with Corophium volutator

Sea urchin response: 14-d survival and re-burrowing in Echinocardium cordatum
Bacteria response: inhibition of luminescence in Vibrio fisheri

Whole sediment

Whole sediment
Whole sediment

Whole sediment

Whole sediment
Mussels
Fish

Whole sediment
Elutriates
Elutriates
Whole sediment

Whole sediment
Whole sediment
Elutriates
Elutriates
Whole sediment

Whole sediment
Elutriates
Elutriates
Whole sediment
Whole sediment

Whole sediment
Pore-water
Elutriates
Whole sediment
Whole sediment

Whole sediment
Whole sediment

Whole sediment
Elutriates
Whole sediment

Sediment suspensions

Whole sediment

Whole sediment
Whole sediment

Sediment suspensions

2 Originally described as Bathyporeia pilosa — now synonym of Bathyporeia sarsi.
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Protection Agency (USEPA), the Environment Canada, the
Convention for the Protection of the Marine Environment
of the North-East Atlantic (OSPAR Convention), the Interna-
tional Council for the Exploration of the Sea (ICES), the
National Oceanic and Atmospheric Administration (NOAA),
the Society of Environmental Toxicology and Chemistry
(SETAC) and the Helsinki Commission (HELCOM). The guide-
lines describe the optimal conditions to perform the bioas-
says for particular taxonomic groups or species. Amphipods to
be used in bioassays can be either field-collected from
uncontaminated sites or lab-cultured. Their availability from
the field varies depending on the geographical region, eco-
system dynamics, and seasonal variability in population den-
sity and distribution (Hyne et al., 2005). Field-collected
organisms, upon transferring to a laboratory, require an
acclimation period to allow them to adapt to experimental
conditions (temperature, food, salinity, light regime). A
possibility to culture amphipods for use in bioassays is an
advantage as the culture can provide organisms of similar age
that came from similar conditions all year long (Peters and
Ahlf, 2005). Yet, it requires a considerable knowledge of their
ecology, biology, feeding, and reproduction. Laboratory cul-
tures have been described and successfully performed with
C. volutator (Kater et al., 2008; Peters and Ahlf, 2005;
Siebeneicher et al., 2013; Van Den Heuvel-Greve et al.,
2007), C. multisetosum (Castro et al., 2006; Menchaca
et al., 2010; Ré et al., 2009), M. insidiosum (Nair and Anger,
1979), L. plumulosus (Manyin and Rowe, 2006) and M. plu-
mulosa (Hyne et al., 2005; Mann et al., 2010; Table 1).

3.7. Bioassays in an integrated sediment
assessment

Bioassays with amphipods are currently one of many lines of
evidence (LOE) in the assessment of marine and estuarine
sediments quality. Multi-species test batteries that include
organisms from different trophic levels in addition to resi-
dent benthic communities are recommended and used in a
number of studies (Table 3). For example, Khosrovyan et al.
(2015) assessed the quality of sediments in Spanish harbors
based on several different LOEs. These included a battery of
toxicity bioassays (10-d survival of C. volutator and Ampe-
lisca brevicornis; 10-d survival and contaminant accumula-
tion in A. marina; the Vibrio fisheri inhibition of
luminescence bioassay; and the Paracentrotus lividus
bioassay with reproductive effects as endpoints) which
were integrated with sediment organic and metal contami-
nants in a weight of evidence approach. According to Chap-
man (2007, 1990), a comprehensive sediment quality
studies should involve chemical, toxicological, and resident
benthic community structure, where sediment toxicity and
benthic community data represent key criteria for addres-
sing an association between stressors (contaminants) and
effects. Examples of comprehensive studies are those per-
formed by Buruaem et al. (2013) in the Santos-Sao Vicente
Estuarine System in Brazil, by Strode et al. (2017) regarding
the Gulf of Riga in the eastern Baltic Sea, and by Romeo
et al. (2015) in respect to the Malta's Grand Harbour in the
Sicily Channel. It has to be noted, however, that analysis of
resident benthic communities require a substantial load of

work and budget and are rarely included in the sediment
assessment studies.

4. Conclusions

Bioassays with amphipods represent useful tools for the
assessment of marine and estuarine environments. This
review shows that over several decades more than 20 amphi-
pod species have been used as test organisms. The Corophii-
dae amphipods have been most extensively employed for
sediment toxicity testing and other purposes in Europe, North
America and elsewhere, although the species used differ
among geographical regions due to their natural occurrence
and distribution. In Europe, most often used are C. volutator
and C. multisetosum, although C. orientale, M. insidiousm,
and other amphipod species have been considered in some
European areas where the former two species do not occur.
Bioassays employed for other purposes than environmental
quality studies include assessment of dredged material qual-
ity and bioavailability of contaminants accumulated in the
sediments, evaluation of the response of benthic organisms
to specific contaminants, comparison of the sensitivity of
different species to contaminants, and application for reg-
ulatory purposes.

Taking into consideration the exposure period, there are
two types of bioassays, short-term (acute) and chronic
(covering at least one full lifecycle), which are put into
practice depending on the bioassay objectives. In the
chronic bioassays, in addition to survival, more sensitive
sublethal endpoints are examined like organismal growth,
biochemical responses (e.g., bioaccumulation, physiologi-
cal changes), and reproductive traits (e.g., fertility or
fecundity). These measurements can reveal subtle biologi-
cal responses allowing for more in-depth assessment of
contaminant-elicited effects. Thus, although chronic bioas-
says require greater effort than acute bioassays, the expo-
sure duration and biological responses reflect more
realistically the environmental scenario. Worthy of note
are behavioral endpoints such as post-exposure burial ability
or feeding rate of sediment-dwelling amphipods, which can
enhance the sensitivity of bioassays to discern negative
effects.

Both abiotic and biological factors play an important role
in the bioassays as they can influence the organisms' sensi-
tivity (thus, the bioassay outcome) and hamper the inter-
pretation of the results. These factors include the age/size of
the species, molting stage, collection season, origin of the
organisms, water temperature, salinity, pH, and photoper-
iod. They have to be taken into consideration when designing
a bioassay.
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KEYWORDS Summary Dinoflagellates account for most of the harmful phytoplankton species but relatively
Gulf of Finland; little is known about the specific responses of different species to environmental variables. 21 dino-
Phytoplankton; flagellate species were recorded in the plankton of the Neva Estuary since the mid-19th century. 14-
Mixotrophy; year long data of midsummer dinoflagellate biomass was statistically analyzed in the Neva Estuary to
Eutrophication; show the changes in dinoflagellate species in relation to environmental factors. Biomasses of
Climate change Dinophysis norvegica (Clapared & Lachmann 1859), Prorocentrum lima ((Ehrenberg) F.Stein 1878)

and Peridinium aciculiferum (Lemmermann 1900) had very similar positive relationships with salinity,
temperature, phosphorus and suspended particulate organic matter concentrations while the biomass
of the other common species Peridinium cinctum ((Muller) Ehrenberg 1832) and Peridinium sp. mostly
showed quite opposite trends. Climate fluctuations leading to changes in the environmental variables
could significantly affect the composition and productivity of the dinoflagellate community. Biomass of
Glenodinium sp. and Peridinium sp. positively correlated with primary production and biomass and
chlorophyll a concentration, but did not show a positive relationship with phosphorus. This may be due
to the fact that these species in the conditions of the Neva Estuary, apparently, are more consumers
than producers of organic matter, feeding on algae and cyanobacteria of phytoplankton. Therefore, to
interpret the relationships between the dinoflagellate biomass and environmental variables one should
take into account that the species of this group is characterized by mixotrophy and, consequently, their
biomass may depend not only on the conditions of autotrophic, but also heterotrophic nutrition.
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1. Introduction

It is generally recognized that there have been more algal
blooms, often of greater geographic extent and/or longer
duration, with more toxic species observed, in the past
decade than in previous decades (Heisler et al., 2008). In
fact, dinoflagellates account for about 75% of all harmful
phytoplankton species (Smayda and Reynolds, 2003). They
have often formed huge red tides, which have sometimes
caused large-scale mortalities of fin-fish and shellfish and
thus great losses to the aquaculture and tourist industries of
many countries (Anderson et al., 2002; Heisler et al., 2008;
Zhou et al., 2017). This includes the proliferation of both
spring and summer species (Jaanus et al., 2006; Klais et al.,
2011; Smayda, 2002; Smayda and Reynolds, 2003; Smayda
and Trainer, 2010). In the Baltic Sea the role of dinoflagellates
in phytoplankton has increased everywhere from the north-
ern to the southern regions (Golubkov et al., 2017; Jaanus
et al., 2006; Klais et al., 2011; Kremp et al., 2008; Olli and
Trunov, 2010; Wasmund and Uhlig, 2003).

Several reasons have been proposed to explain the
observed prosperity of dinoflagellates. Eutrophication of
coastal waters is the one of main reasons by which harmful
algae appear to be increasing in extent and duration in many
locations (Anderson et al., 2002; Heisler et al., 2008; Price
et al., 2017; Xiao et al., 2018). For instance, there is a
definite dinoflagellate cyst which is considered as eutrophi-
cation signal along the estuaries of the NW Atlantic, thus
confirming their value as indicators of water quality change
and anthropogenic impact (Price et al., 2017).

The abundance of some species in the NW Atlantic region
positively correlated to summer water temperatures (Price
et al., 2017). Therefore, climate change may also contribute
to their success. However, these changes are not so unam-
biguous. In the Gulf of Bothnia, the role of dinoflagellate in
the phytoplankton community was higher in the colder period
(Kuosa et al., 2017).

One of the most important features of dinoflagellates is their
ability to become mixotrophic (uses both autotrophy and het-
erotrophy for growth). Many species are able to consume low
molecular weight organic compounds, such as urea and amino
acids, suspended organic matter, bacteria and other phyto-
plankton species (Hansen, 2011). Therefore, the proliferation
of dinoflagellate can be associated with the increase in runoff of
organic substances especially in coastal areas and with global
warming. All climate projections predict an increase in average
global humidity and so an increase in total rainfall. More locally,
the mid-latitudes are predicted to become drier, while the wet
regions, that is the tropics and polar and sub-polar regions, get
wetter (Eggleton, 2018). Thus, the change in phytoplankton
communities may be a result of proliferation of allochthonous
organic matter-based food web (Kuosa et al., 2017), which is
known to be important in northern parts of Europe (the Gulf of
Bothnia) (Sandberg et al., 2004) and America (Gagnon, 2005). In
some cases, the occurrence of red tides was associated with the
introduction of alien species of dinoflagellates. For example,
the invasion of Prorocentrum minimum ((Pavillard) Schiller
1933) into the southern part of the Baltic Sea led to blooms
in the area (Telesh et al., 2016). The prosperity of this species
was facilitated by their resistance to changes in the salinity of
coastal waters, which can also be caused by climate-induced
changes in surface runoff (Skarlato et al., 2018).

In the Russian part of the eastern Gulf of Finland (Neva
Estuary), studies of dinoflagellate began in the mid-19th cen-
tury (Brandt, 1845) and continue to the present time. However,
these data are poorly represented in international databases
(e.g., HELCOM, 1996, 2004). Recent studies have shown that
biomass of dinoflagellates has increased significantly over the
past two decades. Before the late 1990s the dominant group of
phytoplankton was diatoms (Bacillariophyta). In summer, the
share of Dinophyta in total biomass did not exceed 3% (Niku-
lina, 2003). In 2000s their biomass considerably increased and
in 2013—2014 this group of phytoplankton together with Cryp-
tophyta became dominant and subdominant in midsummer
phytoplankton in the upper and middle parts of the estuary
respectively (Golubkov et al., 2017).

The mechanisms of bloom-species selection, and the
causes of the shifts in phytoplankton community structure
favoring flagellate taxa and their blooms, are major unre-
solved issues. Dinoflagellates have multiple life-form strate-
gies consistent with their diverse habitat specializations.
Indigenous phytoplankton communities are assembled from
an extensive array of species of diverse size, shape and
overlapping autecology, from which bloom species are
selected (Smayda and Reynolds, 2003). However, the condi-
tions, factors and mechanisms selecting for the genus, and
species for bloom time windows remain poorly understood
especially in variable coastal environments, and the outcome
is thus highly unpredictable. Life-forms are selected primar-
ily on specific habitat conditions like eutrophication and
physical—chemical habitat templates. Identifying quantita-
tive relationships between environmental variables and pro-
liferation of certain algal species is very challenging and
complex. Models of harmful algal blooms (HABs) need to
include autecological characteristics of the HAB species
(Glibert et al., 2010; Hense, 2010). Therefore, to predict
future trends in assembly of dinoflagellate communities more
information about specific habitat conditions for different
species are needed.

The purpose of this study was to analyze, based on 14-year
data, the effects of the environmental variables on biomass
of different dinoflagellate species in the Neva Estuary. We
analyzed environmental conditions such as water tempera-
ture, salinity, concentration of total phosphorus, primary
production and mineralization of organic matter in order
to relate them with dinoflagellate species composition and
biomass in the upper, middle and lower parts of the Neva
Estuary in midsummer. We tested a hypothesis that biomass
of different species may be significantly correlated with
these environmental variables. End of July—early August
period was chosen for long-term observations because of
maximum development of summer phytoplankton at this
period in the Neva Estuary (Golubkov, 2009; Nikulina,
2003). The second task was to summarize the results of
previous studies on the composition of the dinoflagellate
community in the eastern Gulf of Finland.

2. Material and methods
2.1. Study site and sampling

The Neva Estuary receives water from the Neva River, a
relatively short canal (74 km) between Lake Ladoga and
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Figure 1 The Neva Estuary with indication of the sample

stations (A — Neva Bay; B — Inner Estuary; C — Outer Estuary,
D — Gulf of Vyborg; F — Koporskaya Bay; G — Luga Bay).

the Gulf of Finland. The catchment area of the Neva River
exceeds 280,000 km?, and its water discharge averages
2490 ms~' (78.6 km>yr~"). The Neva Estuary consists of
three parts: the upper freshwater — Upper Estuary (Neva
Bay), the brackish Middle (Inner) Estuary, and the Lower
(Outer) Estuary. The surface area of the Neva Bay (Fig. 1)
is about 400 km?, the salinity — 0.07—0.2 PSU, with the
exception of short-term surge events when brackish waters
from the Middle estuary come to the Neva Bay and mix there
with fresh waters. The depth of the bay is 3.5—5 m. At the
end of 1980s, the Neva Bay was separated from the lower part
of the estuary by the flood protection barrier (Dam). It has
several sluices in its northern part and a broad ship lock in the
southern part. There is no temperature stratification in this
part of the estuary. Low water transparency, which does not
exceed 1.8 m of Secchi depth in summer time, constrains the
distribution of bottom vegetation in the bay. Dense reeds of
300—600 m width belt encircle its shallow coastal zone.

The Inner Estuary is a slightly brackish-water basin in the
eastern Gulf of Finland and is located between the Dam and
the longitude ca. 29°E. The salinity of surface waters in this
part of the Neva Estuary ranges from 1 to 3 PSU and depth
from 12 to 14 m in the eastern part and up to 30 m in its
western part. There is temperature stratification in this part
of the estuary: the warm water upper layer (epilimnion) and
cold water deep layer (hypolimnion). The Outer Estuary is
located to the west of the ca. 29°E and has a depth up to 50 m
and salinity 3—7 PSU.

Ten stations in the Neva Bay and eight stations in the Inner
Estuary, thirteen stations in the Outer Estuary and four
stations in the Gulf of Vyborg (Fig. 1) were sampled from
20th of July to 5th of August 2003—2016. The number of
stations varied in different years. Secchi depth (Sec), salinity
and temperature were measured at each station. Tempera-
ture and salinity was measured by the CTD90 m probe (Sea&-
Sun Tech., Germany) every 20 cm from the surface to the
bottom in the whole water column. Taking into account that
according to these measurements the whole water column in
the shallow Neva Bay was mixed, we collected five water
samples (2 | each): from the surface, half a meter from the
bottom and from three equal depths between them. Samples
from different depths were taken in order to avoid errors

associated with the vertical distribution of different dino-
flagellate species in the water column. These samples were
mixed to make up an integrated sample (10 l). Samples of
total phosphorus, chlorophyll a, suspended particulate mat-
ter and suspended particulate organic matter (three repli-
cates) were taken from the integrated samples.

In the Inner and Outer Estuaries and in the Gulf of Vyborg,
integrated water samples were taken from the two water
layers: above (epilimnion) and below (hypolimnion) of the
thermocline (the steepest slope of the temperature gradient
from the surface to the bottom). Five water samples (2 |
each) were taken from the epilimnion: from the surface,
thermocline and from three equal depths between them.
These samples were mixed to make up an integrated sample
(10 1). Integrated water samples from hypolimnion were
collected in the same way from thermocline to the bottom.
Samples of chlorophyll a and total phosphorus (three repli-
cates) were taken from the epilimnion integrated samples.

2.2. Sample analysis

Three hundred milliliters of water was filtered through
0.85 wm membrane filters (Millipore AAWP) for the determi-
nations of chlorophyll a (C) concentration, followed by a 90%
acetone extraction and spectrophotometric determination
(Grasshoff et al., 1999). Total phosphorus (TP) was deter-
mined after acid hydrolysis with the molybdate blue method
(Grasshoff et al., 1999). Suspended particulate matter (SPM)
concentration was determined after filtration through What-
man GF/F filters with a gravimetric technique. Suspended
particulate organic matter (SOM) was determined after fil-
tration with Whatman GF/F filters (with the dichromate acid
oxidation) (Grasshoff et al., 1999).

The primary production of plankton (PP) and the miner-
alization of organic matter (D) in water column were mea-
sured by means of the oxygen method of light and dark
bottles (Hall et al., 2007; Vernet and Smith, 2007). Ratio
(R) between PP and D under 1 m? was calculated as R = PP/D.
The method of determination and design of experiments
were described in details in the Golubkov et al. (2017).

2.3. Autotrophic dinoflagellate assemblages

Phytoplankton (volume 0.3 1) was taken in one replicate from
epilimnion integrated samples and fixed with acid Lugol's
solution. Since in shallow Neva Bay the whole water column
was mixed, we collected only one integrated water sample
from the whole column in the same way as in the Inner Estuary.
The phytoplankton taxa were identified and counted in sedi-
mentation chambers (10—25 ml) with an inverted Hydro-Bios
microscope. Phytoplankton biomass was calculated in total
volume of algal cells according to Olenina et al. (2006) and
expressed in WW mg L. Identification of dinoflagellate taxa
was conducted according to Kiselev (1954), Pankov (1976) and
Tikkanen (1986). Phytoplankton species have been listed in the
modern nomenclature according to Guiry and Guiry (2018).

2.4. Statistical analysis

Statistical analyses were performed using the R software
(version 3.4.0; R Development Core Team, 2017; www.


http://www.r-project.org/

200 M. Golubkov et al./Oceanologia 61 (2019) 197—207

r-project.org/). Non-metric Multidimensional Scaling (NMDS)
was used to analyse changes within the dinoflagellate com-
munities by ordinating samples based on the dissimilarities of
environmental conditions (function “metaMDS”, R package
‘vegan', Oksanen et al., 2017). NMDS is an ordination tech-
nique that uses rank orders to collapse information from
multiple dimensions, so they can be visualised and inter-
preted. The range of data values was so large that the data
were square root transformed, and then submitted to Wis-
consin double standardization, or species divided by their
maxima, and stands standardized to equal totals. We used
the Bray-Curtis dissimilarity as the distance metric in the
NMDS. In the NMDS ordination space, the samples position
themselves based on their taxon specific biomass. To over-
laying environmental information onto ordination diagrams
we use function “envfit” (R package “vegan”, Oksanen et al.,
2017). The arrow points to the direction of most rapid change
in the environmental variable. This is called the direction of
the gradient. The length of the arrow is proportional to the
correlation between ordination and environmental variable.
This is called the strength of the gradient. We add the fitted
vectors to an ordination using “plot” command and limit
plotting to most significant variables with argument “p.
max = 0.05".

3. Results and discussion

3.1. Species composition and abundance of
autotrophic dinoflagellates

A total of 134 phytoplankton midsummer samples were
processed, and 9 dinoflagellates species were identified
across the samples. Four dinoflagellates groups were identi-
fied only to genus (Table 1). Since the number of stations
where phytoplankton samples were collected varied over the
years, we did not analyze the interannual variability of the
composition and biomass of the dinoflagellate community.
The most common species for the Neva Estuary were
Ceratium hirundinella ((Miller) Dujardin 1841), Peridinium

aciculiferum and Glenodinium sp. These species were found
in the samples 34—42 times; had high biomass and were
distributed in all parts of the estuary, almost every year
(Table 1). C. hirundinella was also common in plankton during
the summers 1911—1912, 1914, 1920—1921 and 1923 (Kiselev,
1924; Vislouh, 1913, 1921) (Table 2), giving a maximum
biomass in late July—early August. In summer 1930 it was
found in the Outer Estuary in Koporskaya Bay (Kiselev, 1948).
In addition, it was a subdominant species in the summer
phytoplankton of the Neva Bay in 1982—1984, 2000 and 2002
(Lange, 2006; Nikulina, 1987). This dinoflagellate species was
found throughout the Baltic Sea in areas with low salinity
(HELCOM, 2004). P. aciculiferum was common in the Neva
Estuary in 1982—1984 (Nikulina, 1987). But this species was
not in the list of dinoflagellates found in the Baltic Sea
published by HELCOM (2004). This may be due to the fact
that it is mainly a freshwater species, which does not with-
stand a significant increase in water salinity (Craveiro et al.,
2016). However, the water salinity in the Neva Estuary is
rather low, and it was found in all its parts.

Peridinium cinctum, another freshwater species, which
was found in the Neva Bay and the Inner estuary mainly in
2014—2016, had the highest biomass (Table 1). This species
was also previously recorded in the Neva Estuary (Nikulina,
1987), Arkona Basin, Gulf of Riga and the western Gulf of
Finland (HELCOM, 2004). Gymnodinium sp. reached to similar
biomasses. Gymnodinium simplex ((Lohmann) Kofoid &
Swezy 1921) was the rarest species of dinoflagellates in
the Neva Estuary. We found this marine species, which
occurred throughout the Baltic Sea (HELCOM, 2004), only
once in the Outer Estuary station in 2014. Amphydinium spp.,
and Dinophysis rotundata (Clapared & Lachmann 1859) were
also rare (Table 1).

21 taxa of dinoflagellate were noted in the Russian part of
the Gulf of Finland since the mid-19th century (Table 2). The
first data on phytoplankton of the Neva Estuary belong to
Brandt, 1845 (Table 2). Working in the summer 1843 near the
southern coast of the Neva Estuary, 40 km to the west of
Lomonosov town, he found one species of dinoflagellates:
Prorocentrum micans (Ehrenberg 1834). This marine species

Table 1 Species composition and biomass of dinoflagellates in midsummer 2003—2016 in the Neva Estuary.
Species The number The year of occurence The station where species Biomass

of occurrence were found [mg m~3]
Amphidinium spp. 2 2003 6k, FZ-17 43.4—-180.1
Ceratium hirundinella 42 2003, 2004, 2006, 2007, 2009, 2010, Everywhere 17.6—1760.0

2013—2016

Dinophysis norvegica 9 2006—2008, 2014 16, 1, 2, 3, 4, 6k 5.0—124.3
D. rotundata 4 2003 18L, GF-5, z-1, FZ-17 12.3—49.3
Glenodinium sp. 34 2003—2006, 2008, 2010—2014, 2016  Every where 0.5—275.5
Gymnodinium sp. 13 2011, 2014, 2015 Neva Bay, Inner Estuary 5.2—-2304
Gymnodinium simplex 1 2004 1 10.9
Peridinium sp. 9 2003, 2012, 2013, Everywhere 13.4-544.5
Peridinium aciculiferum 36 2003—2006, 2008—2009, 2014—2016  Everywhere 1.6—977.3
P. cinctum 18 2004, 2014—-2016 Neva Bay, Inner Estuary 18.7—2664
Peridiniella catenata 3 2005, 2010 Inner Estuary 49.5—85.5
Protoperidinium bipes 9 2004—2007, 2009, 2014 Inner Estuary, Outer Estuary  8.3—832
Prorocentrum lima 7 2005—2006 1, 2, 4, GF-5, 3k, FZ-17, 1.0-411.5
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Table 2

Species composition of dinoflagellates in the Neva Estuary in different years (according to Brandt, 1845; Kiselev, 1924,

1948; Lange, 2006; Nikulina, 1987; Shishkin et al., 1989; Tereshenkova, 2006; Vislouh, 1913, 1921 and own data).

Species 1843 1911-1912, 19201921

1914

July—August All

seasons

1930—-1937 1982—-1984 1988

1997 19992002 2003—2016

August All All
Seasons seasons

August July—August

Amphidinium sp.

Ceratium hirundinella + +
C. longipes

Dinophysis norvegica

D. ovum var. baltica +
D. rotundata

Diplopsalis lenticular +
Glenodinium sp.

Glenodinium paululum

Gymnodinium sp.

Gymnodinium simplex

Peridinium sp.

Peridinium aciculiferum

P. cinctum +
P. divergens var. oblongum

P. inconspicuum +
Peridiniella catenata

Protoperidinium bipes

P. granii

Prorocentrum micans +

P. lima

+
o+ o+ 4+ o+

is capable of forming blooms but is usually considered as
harmless. Recent incidents with P. micans involving shellfish
mortality was attributed to oxygen depletion (Faust and
Gulledge, 2002). In our study we did not found this species.

Further studies of dinoflagellates were continued at the
beginning of the 20th century (Kiselev, 1924; Vislouh, 1913,
1921). Ten species of photosynthetic dinoflagellate were
found in phytoplankton in the outer part of the Neva Estuary
in Koporskaya Bay and near Seskar Island in 1930: Dinophysis
ovum var. baltica (Paulsen 1908), P. cinctum, Diplopsalis
lenticula (Bergh 1881), C. hirundinella, Ceratium longipes
((Bailey) Gran 1902), Peridinium divergens var. oblongum
(Aurivillius 1898), Protoperidinium granii ((Ostenfeld) Balech
1974), Protoperidinium bipes ((Paulsen) Balech 1974), Pro-
toperidinium pyriforme subsp. breve ((Paulsen) E.Balech
1988), Peridiniella catenata ((Levander) Balech 1977) (Kise-
lev, 1948). Although the author did not provide numerical
values of biomass, he noted that P. catenata was on the
fourth place in the biomass of phytoplankton in Koporskaya
Bay. This cold-loving species, found throughout the Baltic Sea
(HELCOM, 2004), was found in 2003—2016 only three times in
the samples from the Inner Estuary (Table 1). However, in
1935—1937, 1988 and 1997 this species was a sub-dominant
species in phytoplankton of brackish water part of the Neva
Estuary (Kiselev, 1948; Shishkin et al., 1989; Tereshenkova,
2006) (Table 2). Moreover, the dinoflagellate spring blooms of
the mid 1990s in the Baltic Sea were dominated by P. catenata
(Wasmund et al., 2011). This contrasted with the previous
decade, when HELCOM (1996) did not report P. catenata in
the list of the five most important spring species in 1979—
1983.

Among other species found in the estuary in 2003—2016,
D. norvegica is a typical species for the Baltic Sea (HELCOM,
2004). P. lima is a marine species found in the Kattegat and
the Belt Sea, Arkona Basin, preferring coastal waters in these
areas (HELCOM, 2004). In the Neva Estuary P. lima had the
lowest abundance, although in some years their biomass was
significant (Table 1). Its presence in the Neva Estuary was
somewhat unexpected, as it has not been previously found in
this part of the Baltic Sea. In the Neva Estuary, it occurred in
the most marine part in 2005—2006, and its biomass was
higher at the stations with higher salinity. After 2006, this
species was not found. Perhaps his appearance was asso-
ciated with an inoculation with ballast water by sea vessels.
The fact is, that the sea traffic in this area is quite active;
several cargo ports are located along the coast of the estuary.
However, the conditions for this species in the estuary are not
particularly suitable and after 2006 it disappeared. This
dinoflagellate is also interesting because it releases toxins,
which are dangerous for humans (Lassus et al., 2016).

Amphydinium spp., Dinophysis rotundata (Clapared &
Lachmann 1859) and P. bipes that rarely occurred in brackish
water part of the Neva Estuary in 2003—2016 (Table 1) are
marine species found throughout the Baltic Sea (HELCOM,
2004).

3.2. Relationships between environmental
factors and dinoflagellate community structure

The NMDS method used in this study provides insights about
the abundance and distribution of dinoflagellate taxa,
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NMDS2

PM

NMDS1

NMDS2

PM

NMDS1

Figure 2 Dinoflagellates biomass vectors based on NMDS result and environmental variables in the Neva Estuary 2003—2016. Plot A:
dinoflagellate biomass vectors and salinity (PSU), plot B: dinoflagellate biomass vectors and temperature (°C). DN — Dinophysis
norvegica, PL — Prorocentrum lima, PA — Peridinium aciculiferum, PM — Peridinium cinctum, Pe — Peridinium sp., Gy — Gymnodinium

sp., Gl — Glenodinium sp.

including some potentially toxic and bloom-forming species,
along physiochemical gradients in an estuary under chronic
anthropogenic nutrient enrichment. It enabled insight what
environmental factors best explain dominant species com-
position and overall dinoflagellate assemblage structure and
how they may be related to climate changes. We analyzed
the factors influencing the composition of dinoflagellate
community in the estuary and revealed species whose bio-
mass significantly (p < 0.05) correlates with the studied
environmental factors. These were 7 of 13 species that have
been repeatedly encountered in the phytoplankton of the
estuary and can be regarded as the most significant in the
dinoflagellate community (Table 1). Biomasses of the other
six species that were found in the estuary in different years
did not show significant correlations with the studied factors.
In most cases, this was explained by the fact that these were
single findings (Table 1) and their number was insufficient for
reliable correlations. Among these species, only C. hirundi-
nella was found in all parts of the estuary at any studied
environmental parameters.

NMDS2

PM

NMDS1

Figure 3

Unidirectional vectors in a multidimensional space, for
example, corresponding to the D. norvegica, P. lima and P.
aciculiferum in Figs. 2—6, mean that changes in the biomass
of these species, as a rule, are related similarly to the
changes in some environmental factors. It is known that
salinity and temperature are significant parameters influen-
cing dinoflagellate assemblages in many regions (Price et al.,
2017; Zonneveld et al., 2013).

In the Neva Estuary, the biomasses of D. norvegica, P.
aciculiferum and P. lima were positively related to water
salinity. These species showed higher biomasses with increas-
ing water salinity (Fig. 2A). The marine species D. norvegica
and P. lima were mainly found in the lower most marine part
of the estuary. In contrast, P. aciculiferum was widely dis-
tributed throughout the estuary (Table 1), but higher biomass
was in more saline waters. The oppositely directed P. cinctum
vector means that this species reacted in the opposite way to
the changes in the same environmental factors. The biomass
of freshwater P. cinctum was higher in less saline waters
(Fig. 2A). The transverse vectors of the Peridinium sp.,

NMDS2

PM

NMDS1

Dinoflagellates biomass vectors based on NMDS result and environmental variables in the Neva Estuary 2003—2016.

Plot A: dinoflagellate biomass vectors and water transparency [m], plot B: dinoflagellate biomass vectors and concentrations of
SPM [g m~3]. DN — Dinophysis norvegica, PL — Prorocentrum lima, PA — Peridinium aciculiferum, PM — Peridinium cinctum,

Pe — Peridinium sp., Gy — Gymnodinium sp., Gl — Glenodinium sp.
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NMDS2
NMDS2

PM
Gl

NMDS1 NMDS1

Figure 4 Dinoflagellates biomass vectors based on NMDS result and environmental variables in the Neva Estuary in 2003—2016. Plot
A: dinoflagellate biomass vectors and the concentration of particulate organic matte [g m—], plot B: dinoflagellate biomass vectors
and the concentration of total phosphorus [mg m~3]. DN — Dinophysis norvegica, PL — Prorocentrum lima, PA — Peridinium
aciculiferum, PM — Peridinium cinctum, Pe — Peridinium sp., Gy — Gymnodinium sp., Gl — Glenodinium sp.

NMDS2
NMDS2

Gl

Pe

NMDS1 NMDS1

Figure 5 Dinoflagellates biomass vectors based on NMDS result and environmental variables in the Neva Estuary 2003—2016.
Plot A: dinoflagellate biomass vectors and the rates of plankton primary production [gC m~2 day '], plot B: dinoflagellate biomass
vectors and the rates of mineralization of organic matter [gC m~2 day']. DN — Dinophysis norvegica, PL — Prorocentrum lima,
PA — Peridinium aciculiferum, PM — Peridinium cinctum, Pe — Peridinium sp., Gy — Gymnodinium sp., Gl — Glenodinium sp.

NMDS2
NMDS2

PM PM

NMDS1 NMDS1

Figure 6 Dinoflagellates biomass vectors based on NMDS result and environmental variables in the Neva Estuary in 2003—2016.
Plot A: dinoflagellate biomass vectors and PP/D ratio, plot B: dinoflagellate biomass vectors and chlorophyll a concentration [mg m~3].
DN — Dinophysis norvegica, PL — Prorocentrum lima, PA — Peridinium aciculiferum, PM — Peridinium cinctum, Pe — Peridinium sp.,
Gy — Gymnodinium sp., Gl — Glenodinium sp.
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Gymnodinium sp. and Glenodinium sp. mean that other,
different from the first group, environmental factors signifi-
cantly influenced their biomass, although these species pre-
ferred relatively salt waters. The biomass of these species did
not show a significant correlation with water salinity, i.e.,
salinity was not a significant factor for them.

The temperature also had an effect on dinoflagellates in
the Neva Estuary. Most species preferred relatively low
temperatures. Only Peridinium sp. showed high biomass at
the temperatures above 20°C. Biomasses of the other species
were higher at lower temperatures (Fig. 2B). Similar result
was obtained in the East China Sea, where two obvious picks
of dinoflagellate pigments were recorded at temperatures
~18°C and ~25°C (Xiao et al., 2018). Well-known late spring
dinoflagellate blooms (Gymnodinium and Prorocentrum spe-
cies) in the East China Sea occured at the temperatures of
~18°C (Guo et al., 2014). In the Baltic Sea many dinoflagel-
lates prefer low temperatures in summer perhaps due to
nutrients coming up to surface by vertical mixing in cold
weather and during cold water period. For example, the
largest biomass of D. norvegica in the Baltic Sea was recorded
at the thermocline boundary at about 12°C, as higher tem-
peratures did not contribute to the growth of this species
(Carpenter et al., 1995). Another closely related species, D.
rotundata, also widespread in the Baltic Sea (HELCOM, 2004),
was registered in 2003 at four stations in the south-western
part of the estuary (Table 1) in the period of intensive
upwelling of bottom cold waters in that area.

The negative reaction of most species of dinoflagellate in
the Neva Estuary to the increase in summer water tempera-
ture may be partly explained by sharp domination in phyto-
plankton of toxin producing cyanobacteria in the years with
high temperature (Nikulina and Gubelit, 2011). This should
adversely affect other species of phytoplankton, including
dinoflagellates (Carpenter et al., 1995; Codd and Poon, 1988;
Sivonen et al., 1989). In recent years, a trend to lower water
temperatures in summer was observed in St. Petersburg
region caused by the predominance of cloudy and rainy
weather (Golubkov and Golubkov, 2018) that might contri-
bute to the development of dinoflagellate species.

Transparency of the water was important for photosyn-
thetic dinoflagellates. The biomass of P. cinctum was higher
in the waters with low transparency and high concentration
of SPM (Fig. 3). The biomasses of D. norvegica, P. aciculi-
ferum and P. lima were significantly higher in relatively
transparent waters with low concentration of SPM. Water
transparency and SPM concentrations did not have a signifi-
cant effect on the biomasses of Gymnodinium sp., Glenodi-
nium sp. and Peridinium sp. (Fig. 3).

The biomass of most species was lower at relatively
high concentrations of SOM (Fig. 4A). High concentration
of SOM especially negatively affected the biomass of
P. cinctum. Only biomass of Glenodinium sp. was higher in
the waters with high SOM concentration. The biomass of
Gymnodinium sp. has not shown relationships with this envir-
onmental parameter (Fig. 4A). The reaction of various dino-
flagellates to water transparence and the amounts of SPM and
SOM was completely different. This is possibly explained by
the ability of dinoflagellates to mixotrophic feeding. Practi-
cally all phototrophic dinoflagellates are suggested to be
mixotrophic (Jeong et al., 2008). The mixotrophic and het-
erotrophic dinoflagellates are able to feed on diverse prey

items including bacteria, picoeukaryotes, nanoflagellates,
diatoms, other dinoflagellates, heterotrophic protists, meta-
zoans and probably organic particles due to their diverse
feeding mechanisms (Burkholder et al., 2008; Hansen, 2011;
Jeong et al., 2010). For instance, mixotrophy appears to be
quite common among species of Dinophysis, Prorocentrum
(Hansen, 2011; Jeong et al., 2010). Food uptake of some
Dinophysis species may provide them with ~80% of their
carbon needs at high prey concentrations (Riisgaard and
Hansen, 2009).

The total phosphorus concentration positively influenced
most dinoflagellate species in the Neva Estuary. The biomass
of D. norvegica, P. lima, P. aciculiferum, P. cinctum and
Gymnodinium sp. was higher in the waters with higher con-
centration of total phosphorus (Fig. 4B). This suggests that
autotrophy was also important trophic mode for these spe-
cies. For instance, there was a definite Prorocentrum cyst
eutrophication signal in some estuaries of the North-Western
Atlantic, thus confirming their value as indicators of water
quality change and anthropogenic impact (Price et al., 2017).
A negative relationship was observed only for Glenodinium
sp. Peridinium sp. did not show any correlation with total
phosphorus concentration (Fig. 4B).

The biomass of dinoflagellates was also related to the rate
of plankton primary production. The biomass of Glenodinium
sp. and Peridinium sp. were higher in the waters with high
primary production, whereas Gymnodinium sp. was more
abundant in the waters with lower primary production
(Fig. 5A). Biomass of D. norvegica, P. lima and P. aciculiferum
did not show relationships with primary production. At the
same time, these species had a larger biomass in the waters
with high rate of organic matter mineralization (Fig. 5B). This
probably indicated that bacteria played an important role in
the feeding of these species. Although the dinoflagellates
may have difficulty in detecting and capturing tiny bacterium
cells, some species fed on a single bacterium cell like filter/
interception feeders; they generate feeding currents using
the flagella (Jeong et al., 2008).

The ratio of primary production and mineralization of
organic matter shows which processes prevail. The PP/D
ratio above one indicates eutrophication of water area.
The biomass of Peridinium sp. was significantly higher in
the waters with high PP/D (Fig. 6A). On the contrary, the
biomasses of D. norvegica, P. aciculiferum and P. lima were
higher with the predominance of mineralization processes
over primary production. Biomass of Gymnodinium sp., Gle-
nodinium sp. showed no relation with this parameter.

A similar pattern was demonstrated by the relationship
between the biomass of dinoflagellates and the concentra-
tion of chlorophyll a. The biomass of Peridinium sp. was
higher in the waters with high chlorophyll a concentration,
whereas the biomasses of D. norvegica, P. aciculiferum and P,
lima were higher at the stations with lower concentrations of
the pigment (Fig. 6B). Unlike SOM concentration (Fig. 4B),
this parameter did not affect the biomasses of P. cinctum and
Glenodinium sp. Consequently, their biomasses were influ-
enced by the concentration of SOM, which was not related to
algae.

Biomass of Glenodinium sp. and Peridinium sp. positively
correlated with primary production, and biomass of
Peridinium sp. also positively reacted to an increase in
the concentration of chlorophyll a and the PP/D ratio
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(Figs. 5A and 6). However, these species did not show a
positive relationship with phosphorus (Fig. 4B). This may
be due to the fact that Glenodinium sp. and Peridinium
sp. in the conditions of the Neva Estuary, apparently, are
more consumers than producers of organic matter, feeding on
algae and cyanobacteria of phytoplankton. Therefore, they
responded positively to the increase in biomass and produc-
tivity of other phytoplankton species.

The proliferation of dinoflagellate could be due to an
increase in runoff of organic substances from the catchment
area induced by climate change. Model simulations predict
that the climate change in the Baltic Sea region will result in
a strong increase in precipitation and river discharge which,
in turn, will lead to an increase in nutrient load and runoff of
particulate and dissolved organic matter from the catchment
area (Friedland et al., 2012; Meier et al., 2012). In this case,
the changing conditions will contribute to the development
of species that react positively to the increase in suspended
and dissolved organic matter and associated bacteria, as well
as an increase in nutrient load.

4. Conclusions

Twenty one dinoflagellate species were noted in the plankton
of the Russian part of the Gulf of Finland at different times
since the mid-19th century. Thirteen distinct species were
observed in the present investigation and nine of them could
be identified to species level. The statistical analysis showed
that different species of dinoflagellates differ in relation to
changes in environmental factors. Biomasses of D. norvegica,
P. lima and P. aciculiferum had very similar relationships with
investigated environmental variables that included salinity,
temperature, phosphorus and suspended particulate organic
matter concentrations. The biomasses of the other common
species, P. cinctum and Peridinium sp., showed quite oppo-
site trends. Current climate fluctuations leading to changes
in temperature, salinity, nutrient and organic matter runoff
from the catchment area could significantly affect the com-
position and productivity of the dinoflagellate community. At
the same time, when interpreting the results of the analysis,
it should be taken into account that the species of this group
is characterized by mixotrophy and, consequently, their
biomass may depend not only on the conditions of auto-
trophic, but also heterotrophic nutrition.
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KEYWORDS Summary Trophic interactions are common worldwide, both within and between ecosystems.
Food webs; This study elucidated the trophic connectivity between intertidal and offshore zone, in Mirs Bay,
Trophic connectivity; China. The contributions of offshore suspended particulate organic matter (SPOM), intertidal
Carbon pathways; macroalgae and epiphytes to consumer biomass were assessed, and the trophic pathways were
Stable isotopes; identified through the use of stable isotope ratios of carbon (5'C) and nitrogen (5'°N) of basal
Mirs Bay sources and consumers. Mean 3'3C values of basal sources had a wide range (—19.6%o to —11.8%o)

and were generally well separated in Mirs Bay. The average 8'3C of consumers in Mirs Bay ranged
from —19.2%. to —11.8%o, reflecting a carbon source integrated from different primary producer
signals. IsoSource model solutions indicated consumers assimilated organic carbon from a mixture
of basal sources. Offshore SPOM carbon was the primary carbon source supporting most consumers
in both intertidal and offshore zones. Intertidal macroalgae and epiphytes also accounted for a
large fraction for some consumers. 3"°N data indicated 5 trophic levels in Mirs Bay. Intertidal
consumers, except for Capitulum mitella, had a TP (trophic position) between 2 and 3, and
mainly included filter-feeders and grazers. In contrast, almost all offshore consumers had a TP of
between 3 and 4 except for filter-feeders (zooplankton), planktivores (Clupanodon punctatus and
Sardinella aurita) and piscivores (Gymnura japonica). The basal sources fueled consumers
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through two trophic pathways, each of which involved organisms of both intertidal and offshore
zones, implying trophic connectivity between them in the Mirs Bay ecosystem.

© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Food webs among different habitats vary greatly in the
abundances of their basal sources, community composition
and productivity, leading to food webs being spatially hetero-
geneous. Trophic interactions are common among habitats
because the nutrients, detritus, prey and consumers that
comprise food webs often cross-habitat boundaries (Polis and
Strong, 1996). Cross-habitat exchanges of materials can be of
great importance to effective natural source dynamics both
within and between ecosystems (Polis et al., 1997; Savage
et al., 2012). For instance, in a deciduous forest and stream
ecotone the populations of birds and fish, subsidized by
aquatic insect and terrestrial invertebrate input, respec-
tively, accounted for 25.6% and 44.0% of the annual total
energy budget of the bird and fish assemblages (Nakano and
Murakami, 2001). Abundant mangrove leaf litter from the
intertidal zone promoted populations of the commercially
important fisheries in adjacent coastal waters (Day et al.,
2012).

Bays are complex ecosystems consisting of different habi-
tats such as intertidal and offshore zones, which can be
considered as interacting habitats (Jansson, 1988). The
rhythmic movement of the tide is responsible for the materi-
als exchange between intertidal and offshore zones and
carries a diverse and abundant potential food source for
consumers (Polis et al., 1997). In addition, consumers can
move to forage across habitats according to prey availability
(Mittelbach and Osenberg, 1993; Randall, 1965). Elucidating
the trophic connectivity between intertidal and offshore
zones is urgent because bay ecosystems are impacted by
human activities in many regions of the world. For example, a
large amount of intertidal areas has been destroyed by
reclamation, which often changes the living environment
and community structure of intertidal organisms (Lu et al.,
2002). The result may be damage to the trophic interactions
between intertidal and offshore zones. Thus, a current goal
in ecological research is to quantitatively assess trophic
relationships among spatially heterogeneous and contiguous,
connected habitats (Claudino et al., 2015; Conway-Cranos
et al., 2015). Knowledge of trophic relationships is crucial for
researchers’ understanding of bio-population ecology and
natural resource management.

It is, however, difficult to elucidate trophic relationships
using traditional methods. Stable isotopes have recently
been used successfully to study trophic connectivity (Clau-
dino et al., 2015; Selleslagh et al., 2015). Carbon stable
isotope ratios (5'3C) change predictably between diet and
consumer, and have been used in ecological studies to trace
the flow of sources of organic matter in marine and fresh-
water ecosystems (Fry and Sherr, 1984; Peterson and Fry,
1987). In ecosystems, 5'3C values differ among phytoplank-
ton (offshore zone) and macroalgae and epiphytes (intertidal

zone) (Kang et al., 2008; Ouisse et al., 2012). Thus, 8'3C
values can distinguish the basal sources of consumers, and
researches can estimate the relative contribution of these
primary producers to consumer biomass through IsoSource
model of Phillips and Gregg (2003). In contrast, consumers
are typically enriched in >N by 3—4%, relative to their diet
(Deniro and Epstein, 1981; Minagawa and Wada, 1984; Peter-
son and Fry, 1987). Therefore, stable nitrogen isotope ratios
(8"°N) can be used to define their trophic position (TP), based
on the pathways of energy flow (Post, 2002; Vander Zanden
and Rasmussen, 1999).

In this context, the aims of this study were to (1) quanti-
tatively assess the basal sources that support consumer
biomass of intertidal and offshore zones to determine
whether there is trophic interaction between these two
zones in Mirs Bay; and (2) identify the main trophic pathways
between the intertidal and offshore zones to highlight the
importance of trophic connectivity.

2. Material and methods
2.1. Site description

Mirs Bay is northeast of Hong Kong and south of Shenzhen,
south China. It is close to the Pearl River Estuary to the west
and Daya Bay to the east. The Bay, part of the South China
Sea, is semi-enclosed and has an area of 320 km? and a mean
depth of 18 m. The coastline extends about 100 km, and is
mostly rocky (Zhang et al., 2013). The sediment is sandy (Xia
et al., 2005). The water movement in Mirs Bay is influenced
primarily by the tide because no large river flows into it.

2.2. Sample collection and preparation

This research was undertaken at three intertidal zones and
four offshore stations of Mirs Bay (Fig. 1). Samples were
collected from intertidal zones and offshore stations repre-
senting different bio-community. The basal sources and con-
sumers sampled at intertidal zones mainly included
macroalgae, epiphyte and bivalves, barnacles, chitons, lim-
pets, crabs as well as whelks. In contrast, the samples
collected at offshore stations consisted of phytoplankton,
zooplankton, fishes, shrimps, mantis shrimps, squids and
crabs. Because the intertidal zones can submerge for several
hours during high tides, so basal sources can exchange and
consumers can forage between intertidal zones and offshore
stations. Sampling was conducted in September 2013.

The most abundant basal sources (macroalgae and epi-
phytes) and the most common consumers (macroinverte-
brates) were sampled during low tide at intertidal zones.
All macroalgae and macroinvertebrates samples were col-
lected by hand. Epiphyte samples were gently scraped from
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Figure 1

rocks using a wire or nylon brush and carefully re-suspended
in filtered seawater. They were then filtered onto precom-
busted (500°C, 4h) Whatman GF/F filters. Experimental
trawling was undertaken in four off-shore stations (ranging
in depth from 12 to 19 m) from a commercial trawler. The
catches (fish and macroinvertebrates) from each haul were
stored in the field. Suspended particulate organic matter
(SPOM) samples were obtained by filtering 5—7 L water at two
depths (0.5 m and 10 m) using 4 L Niskin bottles from off-
shore stations through pre-combusted (500°C, 4 h) Whatman
GF/F filters, followed by manual removal of all visible zoo-
plankton and other contaminants under a dissecting micro-
scope (40x magnification). The SPOM samples were used to
represent phytoplankton (Hill et al., 2006; Kaehler et al.,
2000; Markel and Shurin, 2015). Mesozooplankton and macro-
zooplankton were sampled from vertical tows at off-shore
stations using a zooplankton net with 505 um mesh size.
Zooplankton samples were maintained alive in filtered sea-
water for 2 h to allow gut evacuation. All samples were stored
onice and transported to the laboratory and frozen at —20°C.

In the laboratory, as copepods accounted for the majority
of zooplankton abundance in Mirs Bay (unpublished data),
they were handpicked under a dissecting microscope and
transferred to pre-combusted tin cups immediately. Fish and
macroinvertebrate samples were defrosted and then sorted,
with specimens being identified to the lowest possible taxo-
nomic level. A small piece of white muscle tissue was dis-
sected from the dorsum of large fish. For small fish, the head
and viscera were removed, and the remainder of the body
(consisting primarily of white muscle) was retained for iso-
tope analysis. Only muscle tissue was processed for macro-
invertebrate samples. Because of low individual weight, a
composite tissue sample from more than one individual of the
same taxon was used for some macroinvertebrates, including

T T
114°25'E 114°30'E

Map of Mirs Bay, China, showing the location of sampling stations and zones. Black triangles indicate location of offshore
sampling stations; black circles indicate intertidal sampling zones.

small mollusks and crabs. All samples except zooplankton
were washed with distilled water, dried (60°C, 48 h), ground
to a fine powder and stored in glass vials for later isotope
analysis.

2.3. Stable isotope analysis

Stable isotope analysis was conducted at the Chinese Acad-
emy of Agricultural Sciences Environmental Stable Isotope
Laboratory, Beijing, China. To determine the 5'*C and 3'"°N
values for each sample, approximately 1—2 mg ground tissue
was combusted using an NCE elemental analyzer (Vario PYRO
Cube, Elementar) interfaced via continuous flow to an Iso-
prime 100 isotope-ratio mass spectrometer. Stable isotope
ratios were expressed in the delta (3) notation, defined as
parts per thousand (per mil, %.) deviation from a certified
standard:

883Cord'N = {(M) —1} %1000,

standard
where R = 3C/"2C or "®N/'N. For carbon isotopes, the stan-
dard was Vienna Pee Dee Belemnite limestone, and atmo-
spheric nitrogen was the nitrogen standard. Analytical errors
were 0.08%. for both 8'3C and 8'°N.

2.4. Data analysis

Many species were collected from only one or two intertidal
zones and offshore stations, preventing analysis of spatial
variability within them. Therefore, data from different inter-
tidal zones or offshore stations were pooled.

IsoSource model of Phillips and Gregg (2003) was used to
estimate the percent contribution of basal sources to con-
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sumer biomass. It allows multiple sources to be evaluated for
each consumer using 3'*C measurements, and to apply this
approach the §'3C measurements of consumers were cor-
rected for trophic fractionation (Post, 2002) using the TP
assignments discussed below. Trophic fractionation of 8'3C
for consumers was set at 0.4%o, representing the average
value from reported fractionations (Post, 2002). Source
increment was set at 1% and tolerance at 0.1%. In Mirs Bay
the macroalgae Amphiroa zonata and Enteromorpha spp. had
similar 8'3C values and were combined into the variable
macroalgae.
The TP of each consumer was calculated as:

TP = 2 + (8" Nconsumer—3'*Npasetine ) /34,

where 8" Nonsumer Was the 3'°N value of the consumer being
evaluated, 8'°Npasetine Was the average 5'°N value of the con-
sumers used to estimate the base of the food web (i.e. mollusk
species in this study) and 3.4%. was the per trophic level
fractionation of 3'°N according to Post (2002).

3. Results

3.1. Isotope signatures of basal sources

Three major potential basal sources for consumers were iden-
tified in Mirs Bay: the most abundant macroalgae species
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(Enteromorpha spp. and Amphiroa zonata) and epiphytes (con-
sisting mainly of epilithic diatoms) collected from intertidal
zones, and SPOM collected from offshore zones. The mean §'3C
values of basal sources had a wide range (—19.6%o to —11.8%o):
SPOM had the most depleted 3'>C value, and epiphytes had the
most enriched values (Fig. 2). Macroalgae values were inter-
mediate and had similar mean values between species (Enter-
morpha spp. = —16.1%0 and A. zonata = —14.9%o).

SPOM samples had similar 3'°N values to epiphyte sam-
ples, and both of them were lower than those of the two
macroalgae species (Enteromorpha spp.=9.6% and A.
zonata = 9.1%o).

3.2. Isotope signatures of consumers

A total of 32 species of consumers was collected and sub-
jected to stable isotope analysis, comprising 9 intertidal
macroinvertebrate taxa and 23 offshore species of animals.

The 8'3C signatures of consumers sampled at intertidal
zones were relatively more variable than those collected
from adjacent offshore zones (Fig. 2). The intertidal con-
sumers had a range of §'3C signatures from —17.9 (Perna
viridis) to —11.8%o (Liolophura japonica), whereas the off-
shore consumers varied between —19.2 (zooplankton) and
—14.4%0 (Gymnura japonica). In intertidal zones, the
bivalves (P. viridis, Crassostrea rivularis and Arcopsis sculp-

517N [%]

813C [%]

Figure 2 Mean 8'3C and 5"N values (+SD) in basal sources and consumers from Mirs Bay, China. White squares and gray squares
represent samples from intertidal zones and offshore stations, respectively. Abbreviations are as follows, SPOM = suspended
particulate organic matter; MA1 = macroalgae Enteromorpha spp.; MA2 = macroalgae Amphiroa zonata; EPI = epiphytes. Numbers
correspond to consumers discussed within the text. 1 = Zooplankton; 2 = Liolophura japonica; 3 = Thais clavigera; 4 = Perna viridis;
5 = Crassostrea rivularis; 6 = Arcopsis sculptilis; 7 = Balanus sp.; 8 = Capitulum mitella; 9 = Cellana grata; 10 = Gaetice depressus;
11 = Charybdis feriatus; 12 = Portunus trituberculatus; 13 = Metapenaeus affinis; 14 = Oratosquilla oratoria; 15 = Loligo duvaucelii;
16 = Collichthys lucidus; 17 = Decapterus maruadsi; 18 = Caranx kalla; 19 = Clupanodon punctatus; 20 = Thrissa dussumieri;
21 = Nemipterus japonicus; 22 = Leiognathus brevirostris; 23 = Sardinella aurita; 24 = Polynemus sextarius; 25 = Trichiurus haumela;
26 = Gastrophysus spadiceus; 27 = Apogon striatus; 28 = Pagrosomus major; 29 = Rhabdosargus sarba; 30 = Gerres japonicus; 31 = Mur-

aenesox cinereus; 32 = Gymnura japonica.
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Table 1 Means and ranges of basal source contributions (%) to consumer biomass in Mirs Bay, China, from IsoSource models. Bold

values indicate high contributions from a single source.

Location Species SPOM Macroalgae Epiphytes

Mean Range Mean Range Mean Range

Intertidal zone Liolophura japonica 2.5 0-6 5.8 0-13 91.8 8796
Thais clavigera 53.3 37—69 30.7 0—63 15.9 0-33
Perna viridis 73.8 64—83 17.3 0-36 8.9 0—-19
Crassostrea rivularis 60.8 4774 25.7 0-53 13.4 0—28
Arcopsis sculptilis 68.3 54-79 20.9 0—43 10.8 0-23
Balanus sp. 81.3 74—88 12.3 0-26 6.4 0—14
Capitulum mitella 70.1 59—-80 19.8 0—41 10.1 0-—21
Cellana grata 14.0 0—-29 29.9 0—62 56.0 38-73
Gaetice depressus 53.3 37—69 30.7 0—63 15.9 0-33

Offshore zone Zooplankton 99.0 98—100 1.0 0-2 0.0 0—1
Charybdis feriatus 38.5 18—58 40.4 0-82 21.1 0—43
Portunus trituberculatus 31.0 8-53 45.4 0-92 23.6 0—48
Metapenaeus affinis 73.8 64—83 17.3 0-36 8.9 0-19
Oratosquilla oratoria 66.3 5478 22.2 0—46 11.4 0—24
Loligo duvaucelii 57.1 4271 28.2 0-58 14.7 0-30
Collichthys lucidus 83.1 76—89 11.3 0—24 5.6 0—12
Decapterus maruadsi 60.8 4774 25.7 0-53 13.4 0-28
Caranx kalla 66.3 54—78 22.2 0—46 11.4 0-22
Clupanodon punctatus 68.3 57-79 20.9 0—43 10.8 0-23
Thrissa dussumieri 75.6 66—84 16.3 0—-34 8.1 0—-17
Nemipterus japonicus 66.3 54-78 22.2 0—46 11.4 0-22
Leiognathus brevirostris 64.5 5276 23.5 0—48 12.0 0-25
Sardinella aurita 64.5 52-76 23.5 0—48 12.0 0-25
Polynemus sextarius 60.8 47—74 25.7 0-53 13.4 0-28
Trichiurus haumela 60.8 4774 25.7 0-53 13.4 0—28
Gastrophysus spadiceus 57.1 4271 28.2 0-58 14.7 0-30
Apogon striatus 57.1 4271 28.2 0-58 14.7 0-30
Pagrosomus major 55.2 39-70 29.4 0—61 15.3 0-32
Rhabdosargus sarba 51.6 35—67 31.7 0—65 16.7 0-34
Gerres japonicus 47.9 30—65 34.2 0-70 17.9 0-37
Muraenesox cinereus 60.8 4774 25.7 0-53 13.4 0—28
Gymnura japonica 27.4 3-51 47.7 0-97 25.0 0—51

tilis) and barnacles (Balanus sp. and Capitulum mitella) had
lower 8'3C signatures while the chiton L. japonica and limpet
Cellana grata had higher values. The 3'3C values of whelk
Thais clavigera and crab Gaetice depressus were intermedi-
ate. By contrast, offshore consumer 8'3C values were mainly
distributed between —18.0 and —15.0%. except for zooplank-
ton (—19.2%.) and G. japonica (—14.4%o).

The 8'"N ranges of intertidal consumers were more
depleted and less variable than those of offshore consumers,
with values ranging from 9.3 (P, viridis) to 12.8%. (C. mitella)
and 9.6 (zooplankton) to 17.2%. (G. japonica).

3.3. Contributions of basal sources supporting
consumers

IsoSource solutions showed that consumers assimilated
organic carbon from a mixture of basal sources. In offshore
zones, SPOM was the most important production source
supporting the biomass of most consumers (Table 1). Macro-
algae also accounted for a large fraction, especially for the
crabs Portunus trituberculatus and Charybdis feriatus and

the fish G. japonica. In contrast, model results suggested that
epiphytes likely made minor contributions.

In intertidal habitats, epiphytes accounted for significant
fractions of the L. japonica and C. grata biomass and con-
tributed smaller fractions to other consumers. SPOM was the
main basal source of organic carbon for most consumers
except L. japonica and C. grata similar to patterns in offshore
zones. Consumers also appeared to rely on macroalgae as
part of their carbon source.

3.4. TP of consumers

8"°N data indicated ~5 trophic levels in Mirs Bay (Fig. 3).
Apart from C. mitella, intertidal consumers had a TP of
between 2 and 3. The consumers with the lowest trophic
levels were mainly bivalves (P. viridis, A. sculptilis and C.
rivularis), chiton (L. japonica) and limpet (C. grata) as well as
crab (G. depressus). In contrast, almost all offshore consu-
mers had a TP of between 3 and 4 except for the zooplankton
and fish Clupanodon punctatus, Sardinella aurita and G.
japonica. Trophic-level 2 included the zooplankton, fish C.
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Figure 3 Mean trophic positions (+ SD) of consumers in Mirs Bay, China, based on 3'°N values. Green bars and blue bars represent

samples from intertidal zones and offshore stations, respectively.

punctatus and S. aurita, and the highest TP was occupied by
G. japonica (TP = 4.32).

4. Discussion

4.1. Carbon isotopic composition of basal
sources

Along the rocky shores of Mirs Bay, the most abundant
macroalgae in the low- and mid-intertidal zones were Enter-
omorpha spp. and Amphiroa zonata. Their 8'3C signatures
were in the range of values documented in intertidal beds in a
mega-tidal system near Roscoff, France (Ouisse et al., 2012)
and coastal areas on the Mexican Eastern Pacific coast (Nava
et al., 2014). SPOM displayed similar 3'3C signatures to those
demonstrated by Deegan and Garritt (1997), Douglass et al.
(2011) and Kang et al. (2008). Epiphytes of the intertidal
zones also had 3'3C values close to those reported in Uchiumi
and Fukuura Bays, Japan (Doi et al., 2008) and Shark Bay,
Australia (Belicka et al., 2012). These $'3C values of basal
sources had a wide range (—19.6%. to —11.8%0) and were
generally well separated, which created favorable conditions
for assessing the relative contributions of carbon sources to
consumer biomass in Mirs Bay.

4.2. Potential use of basal sources by consumers

Inintertidal zones, the filter-feeders were mostly represented
by the bivalves Perna viridis, Arcopsis sculptilis and Crassos-
trearivularis, and by the barnacles Balanus sp. and Capitulum
mitella, and showed high dependence on offshore SPOM,

while intertidal macroalgae and epiphytes also contributed
to them. Such species live on rocks, Kang et al. (2008) and
Little and Kitching (1996) reported that, on rocky shores,
suspension-feeding invertebrates depended on composite
sources of macroalgae and phytoplankton. Filter-feeders
may feed on macroalgal detritus or exudates in the interface
of the water-rock boundary (Kang et al., 2008; Schaal et al.,
2010). In addition, epiphytes (as detritus in SPOM) might be
part of the diet of filter-feeders (Doi et al., 2008). These
findings also indicated the presence of suspended macroalgal
and epiphyte detritus in the water column in intertidal zones.
For the grazer chiton Liolophura japonica, the similarity in
3'3C signatures and trophic enrichment of 3'>N with respect to
epiphytes clearly revealed that it depended on materials from
epiphytes as its food source. The IsoSource solutions con-
firmed that epiphytes showed the highest contribution to L.
Jjaponica nutrition. The chiton scraped off epiphytic organic
matter from hard surfaces with radulae (Takai et al., 2004).
Another grazer in the current study was the limpet Cellana
grata, which did not only rely on epiphytes (like L. japonica)
but also on some macroalgae, according to the IsoSource
solutions. This species is generally referred to as a generalist
grazer on many rocky shores, grazing on epilithic biofilm and
macroalgae (Burnett et al., 2014). The intertidal varunid crab
Gaetice depressus is considered to be an omnivore, relying on
mixed SPOM, macroalgae and epiphytes as well as on hetero-
trophic detritus as its food source, as already observed in a
boulder shore ecosystem (Wahyudi et al., 2013). However,
Wahyudi et al. (2013) found that G. depressus used macro-
algae as its main diet, which differed from the finding in the
present study. This disagreement may be explained by local
availability of food sources. Wahyudi et al. (2013) stated that
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G. depressus preferred to feed upon SPOM and epiphytes
when macroalgae were insufficiently abundant. Carbon in
the whelk Thais clavigera also originated from a mixture of
sources, as it did in the crab G. depressus; however, T.
clavigera did not use these sources directly. Although the
TPof T. clavigerawas 2.57 in this study, it is generally referred
to as a carnivore, preying primarily on bivalves, limpets and
barnacles (Blackmore, 2000; Wada et al., 2013; Wai et al.,
2008). Its prey fed on SPOM, macroalgae and epiphytes, as
discussed above, and in turn contributed to the diet of T.
clavigera. A similar result for this species was also found in
another ecosystem (Wai et al., 2008). This result also sug-
gested that a lower 3"°N trophic fractionation of 3.4%, might
be present for T. clavigera. McCutchan et al. (2003), compiling
published studies, concluded that consumers feeding on
invertebrate diets had the 5'°N trophic fractionation of 1.4
+ 0.20%0, which was significantly lower than that for those
consumers feeding on other high-protein diets (vertebrates;
microbes; and animal-based prepared diets). If we had used
the 8"°N trophic fractionation of 1.4%, to calculate the TP of T.
clavigera in the present study, its mean TP would have been
3.36, which conformed to its feeding habit.

In offshore zones, the 5'*C signatures of zooplankton
closely matched that of SPOM, with TP (2.09) clearly suggest-
ing that they filtered SPOM. IsoSource solutions showed that
SPOM accounted for almost all zooplankton biomass, implying
that zooplankton depended on organic matter from SPOM
almost entirely as its sole food source. The dominant zoo-
plankton species during the investigation were Subeucalanus
subcrassus and Temora turbinata (unpublished data), both
known to be small-particle filter-feeders (Li et al., 2012).
SPOM mainly comprised of phytoplankton in the offshore
zone (Ouisse et al., 2012; Schaal et al., 2010) compared with
the SPOM of intertidal zone, which was composed of a greater
amount of macroalgal debris (Duggins and Eckman, 1997;
Golléty et al., 2010) and epiphytic algae detritus (Doi et al.,
2008), as well as phytoplankton. According to Bouillon et al.
(2000), quantities of debris and detritus in the intertidal
water column were generally greater than those of locally
produced phytoplankton. This may explain why filter-feeders
in offshore zones relied less on macroalgae and epiphytes
than those in intertidal zones. The planktivorous fishes
Clupanodon punctatus and Sardinella aurita displayed lower
8"°N values than other consumers, except for zooplankton in
offshore zones. Their TP (2.81 and 2.87, respectively) indi-
cated that these organisms mostly fed on primary consumers
and basal sources, and confirmed that they mainly ate dia-
toms, copepods, Macrura larvae and fish larvae (Huang et al.,
2008; Wang and Qiu, 1986). IsoSource solutions showed that
SPOM-derived carbon was the major contributor for these
two planktivorous fishes. Macroalgae made an important
contribution to the carbon source of the crabs Portunus
trituberculatus (TP =3.02) and Charybdis feriatus
(TP =3.25) and of butterfly ray Gymnura japonica
(TP = 4.32), followed by SPOM and epiphytes. The 5'3C values
of these two crabs were similar to those of the macroalgae,
suggesting that they mainly relied on energy derived from
macroalgae. However, their TP indicated an indirect use of
macroalgae. Their §'3C values were similar to those of the
grazer (C. grata), omnivore (G. depressus) and carnivore (T.
clavigera) as well as to piscivore fishes (Gerres japonicus and
G. japonica), which also consumed macroalgae as their

important carbon source. This suggests that there is probably
a trophic relationship between these two crabs and those
organisms. The remaining consumers (17 of 23 species includ-
ing shrimps, mantis shrimps, squids and fishes) sampled in
offshore zones depended more heavily on SPOM, and to a
lesser extent on intertidal macroalgae and epiphytes. Such
species were mainly carnivorous and had a TP above 3,
indicating that they can incorporate integrated basal sources
indirectly through trophic interaction.

4.3. Major trophic pathways in Mirs Bay

Trophic connectivity between intertidal and offshore zones
mainly followed either of two carbon pathways in Mirs Bay
(Fig. 4).

The first and most enriched carbon pathway involved a
combination of intertidal macroalgae and epiphytes, grazers,
omnivores and their predators, and this provided the first clue
about the degree of trophic linkage. Grazers included the
intertidal limpet C. grata and chiton L. japonica, which mainly
relied on epiphytes and macroalgae (see above 4.2). The
intertidal varunid crab G. depressus and whelk T. clavigera
were classified as an omnivore and a carnivore, respectively,
and G. depressus fed on macroalgae and epiphytes while T.
clavigera ate limpets as part of their diet. The offshore crabs
P. trituberculatus (TP = 3.02) and C. feriatus (TP = 3.25) were
predators in the present study and their major prey items
included mollusks, crustaceans and fishes (Huang, 2004; Jiang
et al., 1998). According to the §'3C values and TP, the inter-
tidal limpet C. grata, varunid crab G. depressus and whelk T.
clavigera were assumed to provide the diet for these two
crabs, and they might be further preyed on by silver biddy (G.
japonicus) and butterfly ray (G. japonica). The silver biddy
was already observed to feed on benthic invertebrates almost
exclusively (Cyrus and Blaber, 1982), and the butterfly ray
mainly ate teleosts, crustaceans and cephalopods (Capapé,
1986; Jacobsen et al., 2009; Raje, 2003).

Another carbon pathway mainly comprising offshore
SPOM, which was incorporated by filter-feeders, omnivores
and their predators. The filter-feeders consisted of plank-
tonic zooplankton and intertidal bivalves, both of them
consuming SPOM as their main biomass. These filter-feeders
acted as trophic intermediates between primary producers
and consumers. Zooplankton were preyed on not only by
planktivorous fishes such as C. punctatus (Huang et al., 2008)
and S. aurita (Wang and Qiu, 1986) which also fed on SPOM,
but also by intertidal barnacles (Lu et al., 1996). The inter-
tidal omnivore G. depressus and carnivore T. clavigera were
also involved in the second carbon pathway besides the first,
since G. depressus mainly fed on SPOM while T. clavigera
preyed on bivalves and barnacles. The predators (including
shrimps, mantis shrimps, crabs, squids and some fishes at
trophic-level 3) conformed well to their known feeding
habits. For example, shrimp Metapenaeus affinis mainly
preys on polychaetes, crustaceans, fish larvae and bivalves
(Yu et al., 2016); and mantis shrimp Oratosquilla oratoria
mainly consumes bivalves, crabs, shrimps and fishes (Ning
et al., 2016). Squid are considered to be carnivores as they
not only eat fishes, crustaceans and Mollusca, but also show
cannibalistic behavior each other (Castro and Huber, 2007).
For the fishes, most teleosts are carnivores (Castro and
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Figure 4 Trophic model of the food web in Mirs Bay, China, delineating the two major carbon pathways. SPOM = suspended
particulate organic matter epiphytes; MA = macroalgae; EPI = epiphytes. Green and blue areas represent samples from intertidal zones
and offshore stations, respectively. Purple arrows represent the first carbon pathway; orange arrows represent the second carbon

pathway.

Huber, 2007), including all the teleosts here except for the
planktivorous fishes C. punctatus and S. aurita. These upper
trophic level predators were fueled by mixed basal sources
through integrated multiple trophic pathways thought to be
common in food webs (Belicka et al., 2012; Rooney et al.,
2006). They were further eaten by the piscivore fishes G.
japonicus and the top predator G. japonica.

5. Conclusions

Offshore SPOM carbon was the primary carbon source sup-
porting most consumers not only in the offshore zone, but
also in intertidal zones, emphasizing the importance of off-
shore primary production to intertidal consumers. Intertidal
filter-feeders play an important role in retaining offshore
primary production. Similarly, intertidal macroalgae and
epiphytes also make some contributions to offshore consu-
mers through transfer from prey. The basal sources fueled
consumers through two trophic pathways, each of which
involved organisms of both intertidal and offshore zones.
The coupling of basal sources from different habitats to
consumers suggested trophic interaction between intertidal
and offshore zones in Mirs Bay. Future protection and pre-
servation of bay ecosystems should consider the whole food
web, not just offshore or intertidal food webs, to maintain
ecological structure and function.

Further studies should carry out fatty acid biomarkers
analysis because this will provide detailed tracking of carbon
substrates in food webs not available to stable isotopes.
Seasonal analysis should also be included, to enhance under-
standing of the temporal interactions of trophic dynamics.
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Summary Discovered in the 1990s in the river of Etel (Morbihan, France), the marine invasive
sponge Celtodoryx ciocalyptoides originating from the Chinese Yellow Sea is now well implanted
on concrete pilings inside the Etel marina (Morbihan, France). Novel eco-friendly strategies are
urgently needed in order to limit its adhesion on concrete and the risk of dispersal outside the
marina. In this study, the anti-settlement and anti-attachment properties of flax/PLA, a
biocomposite made of polylactide reinforced with flax fibres, were evaluated on sponge
propagules’ behaviour. First, flax/PLA panels were immersed into the Etel marina for six years.
The coverage onto PLA panels of marine invertebrates was estimated twice a year. In a second
step, PLA panels were used as artificial support for invasive sponge transplants. In comparison,
specimens were transplanted in mesh bags. Sponge weight increase was measured twice a year.
Results indicated that the occurrence of the invasive sponge was delayed for two years on
biocomposite in comparison with concrete. At the end of the six-year study, macrofouling by
marine invertebrates did not exceed 70% of the surface of the panels and no C. ciocalyptoides
specimens were observed. Once transplanted on PLA panels, sponge specimens were able to
survive the first year without growing. After two years, none of the transplants survived while
specimens in mesh bags increased their weight by 100%. These findings highlight the potential
interest of biocomposite in the development of coastal and marine infrastructures.
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1. Introduction

Discovered in 1996 in the Etel River (Brittany, France), the
marine sponge Celtodoryx ciocalyptoides originating from
the Chinese Yellow Sea is now well established and consid-
ered as an invasive species (Henkel and Janussen, 2011; Perez
et al., 2006). In the Etel marina, this species was recently
shown to cover on its own up to 17.4% of the surface of the
concrete pilings (Gentric and Sauleau, 2016). The species is
also present in the Gulf of Morbihan (Perez et al., 2006), in
the river of Penerf (Sauleau, Personal communication), in the
Oostershelde (Netherlands) (Van Soest et al., 2007) and has
recently been observed in the harbour of Le Havre (Nor-
mandy, France) (Berno et al., 2016).

One possibility to limit invasive species adhesion on artificial
hard substrate is the use of antifouling paints. Copper-based
antifouling paints are applied on immersed structures to limit
the growth of fouling organisms. However, by reducing biodi-
versity, competition with endemic species, and by inducing
tolerance to copper pollution, antifouling paints are thought to
enhance invasions (McKenzie et al., 2012; Piola et al., 2009).
Thus novel antifouling strategies such as the use of self-polish-
ing matrices for controlled release of natural antifouling sub-
stances were developed (Thouvenin et al., 2003).

Among self-polishing polymers, polylactide (PLA) is prob-
ably one of the most promising erodible polymers due to the
fact that PLA is biodegradable, recyclable, compostable,
biocompatible and eco-friendly produced. PLA is obtained
using the ring-opening polymerization of lactide, a cyclic
monomer derived from plant resources (corn starch, cane
molasses, etc.). PLA showed relative biocompatibility as
suture material, orthopaedic devices and drug release deliv-
ery systems for medical application (Farah et al., 2016;
Hamad et al., 2015; Ulery et al., 2011; Walczak et al.,
2015). In contrast to traditional highly durable plastics,
PLA showed good biodegradability in soil and compost (Hak-
karainen et al., 2000; Karjomaa et al., 1998; Pranamuda
et al., 1997; Sukkhum et al., 2009). The mechanism of
degradation includes both chemical hydrolysis and biodegra-
dation. The polymer initially degraded through abiotic hydro-
lysis leading to the release of shorter oligomer chains and
monomers of lactic acid (LA). This chemical hydrolysis is
followed and accelerated by biodegradation (assimilation)
by micro-organisms leading to carbon dioxide and water.

The direct contribution of the biodegradable polymer to
the overall antifouling effect was recently investigated by
Ishimaru et al. (2012) who prevented the attachment of
barnacle cypris larvae using a polyethylene/PLA blend.
Among hydrolysis products, LA was suggested to participate
in the anti-barnacle attachment property of PLA. In addi-
tion, LA is known to have antibacterial effects by reducing
the pH while low molecular weight PLA were suggested to
have prolonged antimicrobial effects (Ariyapitipun et al.,
1999). The use of bacteriostatic PLA against Pseudomonas
aeruginosa and Staphylococcus aureus was also proposed in
the conception of tympanostomy ear tube for children (Lud-
wick et al., 2006). Eventually, PLA microspheres were shown
to be slightly bacteriostatic towards a Pseudoalteromonas
sp. (Fay et al., 2008) while PLA film may have bacteriostatic
activity against Salmonella typhymurium (Theinsathid
et al., 2012).

It is well known that biofilms composed of bacteria, dia-
toms, protozoa or fungi are the prerequisite for the settle-
ment of invertebrate larvae (Qian et al., 2007; Whalan and
Webster, 2014). Thus, the hypothesis of our study was that the
biodegradable and/or potential antimicrobial properties of
PLA could be used as an eco-friendly biomaterial to limit
propagules settlement. In order to assess the anti-settlement
properties of PLA, biocomposite panels made of polylactide
reinforced with flax fibres were immersed into the Etel marina
for six years. The coverage onto those panels by the invasive
sponge and other marine invertebrates was estimated twice a
year. Since sponge overgrowth occurs also by lateral coloniza-
tion, we evaluated the anti-attachment effects of flax/PLA on
C. ciocalyptoides transplants bound to the biocomposite
panels for the same period of time. As far as we know, this
is the first time an eco-friendly strategy is developed to get rid
of an invasive sponge on the North-East Atlantic coast.

2. Material and methods

2.1. Study site

Experiments were performed from April 2011 to March 2017 in
the Etel marina (47.659°, —3.207°) located at the mouth of
the river of Etel (Brittany, France). This river, 15 km long, is
located between Lorient and Vannes (Morbihan, France) and
belongs to the Natura 2000 network areas (FR5300028).

2.2. Sponge collection

Sponge samples were collected by SCUBA diving at a depth of
10—15 m during neap tides in April 2011 along the Magouér
site situated 200 m west of the marina. C. ciocalyptoides
specimens freshly collected were immediately transferred to
the marina for transplantation. Samples were cut in approxi-
mately 125 cm® pieces, weighed, tagged, and let in a nylon
mesh bag for control or separately bound onto a flax/PLA
panel with an iron wire (Fig. 1).

2.3. Experimental set-up and design

Poly(L-lactic acid) (PLLA, Biomer™ L9000) was purchased
from Biomer (Germany). The polymer has a high molecular
weight (220,000 g mol™") with a L- and p-isomer ratio of
approximately 98:2. Flax fibres of the Marylin variety
(1 mm length) were incorporated in PLA polymer (20% in
weight) as previously described (Le Duigou et al., 2014).
The support structure (1 m®) was made with PVC tubes
(25 mm diameter). Each face was divided in five columns with
anylon rope, strengthened every 20 cm, each length contain-
ing 5 replicates i.e. 5 nylon mesh bags (36 x 29 cm, 3 mm
mesh). Each mesh bag contained two sponge specimens, one
let free into the net and another one bound with an iron wire
to the panel (9.8 cm x 14.7 cm x 0.18 cm) made of flax/PLA.
Both specimens were separated to avoid fusion. A total of
80 mesh bag were fixed to the 4 PVC quadrats linked each
other. On the top of the structure, additional panels made of
flax/PLA were attached all around the piling for settlement
experiments. Panels were immersed at a depth of 9 m below
sea level and fixed around the north-western piling of the
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Figure 1

(A) The support structure. (B) Celtodoryx ciocalyptoides samples (125 cm®) bound with an iron wire to tagged flax/PLA panels.

(C) Mesh bags containing two sponge specimens: one let free inside the net and the other one bound separately onto the PLA panel.

marina. To respect hydrodynamic conditions, the distance
between the piling and the support structure was 30 cm.

In order to assess sponge capacity to colonize any artificial
substrate which may vary according to life cycle, the fauna
covering a surface of 0.1 m? at 7 m deep was scraped off the
concrete piling (Fig. 2a) at the beginning of the study. Sponge
settlement on this area was observed in situ every 6 months
by underwater pictures (Canon G10).

2.4. Sponge monitoring

In order to assess sponge survival and growth after trans-
plantation in a new marine environment, percentage weight
increase and elemental composition were measured. Five
mesh bags were sampled by SCUBA every 6 months. Fresh
sponge samples were gently removed from the net, directly
weighed on the pontoons of the marina, bring back to the lab
and kept at —80°C before lyophilization.

The percentage weight increase was calculated with the
formula:

(Wm—WO)
0

% Weight Increase = %100,

where W,, is the sponge weight after m months of growth and

W, the sponge weight at the beginning of the experiment.
The following Metallic Trace Elements (MTEs) Ba, Cd, Co,

Cr, Cu, Fe, Mg, Mn, Mo, Ni, Si, Sr and Zn which are vital for the

growth and development of sponges were quantified in
transplanted specimens and compared to wild specimens
collected outside the marina from the natural site (Magouér).
The elemental content was determined every year during a
monitoring period of three years (2012, 2013 and 2014) by
Inductively Coupled Plasma Atomic Emission Spectrometer
(ICP-AES) by the University of Caen as previously described
(Mahaut et al., 2013). Analyses were performed in triplicate
on a mixture of 5 sponge specimens.

2.5. Covering and growth on PLA panels

The presence of micro- and macro-foulers on both faces of
the flax/PLA settling panels (n=10) was observed every
6 months by Scanning Electron Microscopy (SEM) (JSM-
6460LV, Jeol) and underwater pictures, respectively. Spicules
characteristic of the skeleton of C. ciocalyptoides were
observed by SEM. Percentage cover of macrofoulers was
calculated by using ImageJ software. Sponge growth was
estimated by calculating the percentage weight increase
as described in Section 2.4.

2.6. Statistical analyses
Transplants weight increase under the two conditions (on

flax/PLA plates or on nylon mesh bags), MTEs composition
between wild and transplanted specimens, and seasonal
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Figure 2  Fouling by the marine sponge Celtodoryx ciocalyptoides on concrete piling within the Etel marina. (A) A 0.1 m? area was
scraped on the piling (scale bare = 25 cm). (B) The scraped area was rapidly covered by mainly barnacles after 6 months and (C) fouled
by C. ciocalyptoides specimens (white arrows) after 1 year. (D) A zoom showed the sponge cover on the shells of barnacles competing
with the hexacorallian Metridum senile and the tunicate Diplosoma spongiforme.

covering rate between spring and winter were compared
using Wilcoxon-type test. All analyses were performed with
Rstudio 1.0.143.

3. Results

3.1. Anti-settlement properties of the flax/PLA
biocomposite

During the first 6 months of this study, the fouling at the
surfaces of the panels was dominated by microfoulers such as
diatoms, bacteria and hydrozoans (Fig. 3). In some cases, few
macrofoulers such as tube worms Pomatoceros sp. and bar-
nacles Balanus sp. were observed on both faces of the PLA
panels (Fig. 4a and b) covering up to 4.6 + 0.3% of the area
(Fig. 5). In comparison, the PVC structure was covered of
hydrozoans and tunicates such as Ciona intestinalis (Fig. 4a).
During the next two years of immersion, both surfaces were
partially (37.5 + 8.7%) covered of mainly bivalves Anomia
sp., mussels, tube worms Pomatoceros sp., few anemones

Figure 3
hydrozoans.

Metridium senile, and tunicates but no C. ciocalyptoides
specimens were observed (Figs. 4c and 5). After three years
(Fig. 4d), half of the surface of PLA panels (48.7 + 7.2%) were
covered mainly of Balanus sp., Anomia sp. and Mytilus sp. In
few cases, Crassostrea gigas and Crepidula fornicata were
also observed. Sponge cells with spicules consisting part of
the skeleton of C. ciocalyptoides (Fig. 6) were finally
observed onto barnacle shells covering up to 25.5% of the
panel. After 6 years of immersion, the fouling covered more
than two thirds of the panel surface (70.6 & 7.6%) but neither
invasive sponge specimens nor barnacles were observed
(Fig. 4e). During the six-year study, the percentage cover
of macrofoulers did not decrease significantly each winter
(p-value > 0.05) (Fig. 5).

3.2. Anti-attachment activity of the flax/PLA
biocomposite

After one year, the weight of sponge transplants bound with
an iron wire onto the flax/PLA panels severely dropped

SEM micrographs of the flax/PLA panels after 3 months of immersion showing fouling by (A) micro-organisms and (B)
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Figure 4 Fouling dominated by marine macro-organisms on PLA panels immersed into the Etel marina during (A) 90 days, (B)
6 months, (C) 2 years, (D) 3 years (showing barnacles with the marine sponge Celtodoryx ciocalyptoides (white arrows)), and (E)

6 years.

(Fig. 7). During 2012, the mean weight gain was significantly
higher for specimens in nylon mesh bags than for those on PLA
plates (p < 0.05). After two years (i.e. April 2013), C. cio-
calyptoides specimens transplanted onto the PLA panels did
not survive. Instead, both faces of the panels were covered of
macrofoulers such as Balanus sp. and Anomia sp. This result
suggests sponge cells did not find optimal conditions to
adhere, survive and grow on flax/PLA biocomposite.

3.3. Transplantation efficiency of sponge

Measures of the weight of specimens let free in nylon mesh
bags indicate no gain during the first year of transplantation
while the increase in weight reached 100% the second year
(Fig. 7). The composition in Metallic Trace Elements (MTEs)
was quantified in transplanted specimens and compared with
that from the natural site during the first three years (Fig. 8).
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Figure 5 Percentage cover of marine organisms on PLA panels
immersed into the Etel marina during the six-year study. Results
are expressed as the mean =+ SE of three replicates.

Figure 6 SEM micrograph of a flax/PLA panel showing a tylote
constituting part of the skeleton of the species Celtodoryx
ciocalyptoides.

Most of those MTEs, essential for sponge physiology, were at
the same levels between transplanted and wild sponge speci-
mens during the three first years of the study. Si levels
remained particularly low in transplanted specimens but
statistical analysis indicated no significant differences
(p > 0.05) in comparison with wild ones. These results sug-
gest transplantation in the Etel marina had no deleterious
effects on the filtering activity of individuals which found
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favourable environmental conditions in the marina to survive
and grow.

3.4. Sponge settlement on concrete substrate

After 5 months, fouling by barnacles Balanus sp., hydrozoans
and rhodobionts covered approximately 75% of the surface of
the scraped area on the concrete piling (Fig. 2b). In one year,
the marine sponge C. ciocalyptoides was observed on the
shells of barnacles, covering 13% of the initial area and
competing with the hexacorallian M. senile and the tunicate
Diplosoma spongiforme (Fig. 2c and d). At last, after two
years, the scraped area got its original aspect with a density
and thickness of C. ciocalyptoides similar to the other con-
crete pilings of the marina. This result confirms the sponge
showed a rapid population growth during at least the first two
years of our study.

4. Discussion

The colonization of artificial hard substrates by non-indigen-
ous species is one of the major stumbling block in the
development of coastal and marine infrastructure (Firth
et al., 2016). In our study, we showed for the first time that
a bio-based and biodegradable composite made of flax/PLA
had promising anti-settlement and anti-attachment proper-
ties against the marine invasive sponge C. ciocalyptoides.
The recent observation of C. ciocalyptoides in the Etel
marina close to shellfish farming activities suggests the
possibility of its introduction through the Japanese Oyster
C. gigas importation in Brittany during the 1970s. Once
discharged in harbours, ports, and marinas sponge propagules
found favourable conditions to establish on piers, pontoons,
pilings, seawalls or buoys. Those artificial hard substrates are
considered as providing new habitats facilitating the estab-
lishment, persistence and spread of non-indigenous and
potentially invasive species (Glasby et al., 2007; Ruiz
et al., 2009; Vaz-Pinto et al., 2014). We showed in this study
that the colonization by C. ciocalyptoides on concrete pilings
took place in a year by planktonic propagules (or competent
sponge larvae) settlement and/or by spreading sponge colo-
nies growing laterally. Finally, the marine invasive sponge C.
ciocalyptoides was shown to cover up to 17.4% of the surface
of concrete pilings of the Etel marina forming a mat of 5—

== &= On PLAAlax plate

==& |n nylon mesh bag

S

Nov. 2012

April 2013

Figure 7 Weight variation of Celtodoryx ciocalyptoides transplants during the first two years. Results are expressed as the means

=+ SE of five replicates.
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6 cm of thickness from 5 to 9 m deep, between the mussel
belt and the bottom of the marina (Gentric and Sauleau,
2016). Surprisingly, as shown in our study, fouling by marine
organisms on flax/PLA biocomposite was delayed and
reduced. After three years of immersion, fouling by succes-
sive macrofoulers such as barnacles, oysters and mussels
covered half of the surface of the biocomposite. Specimens
of C. ciocalyptoides were finally observed mainly on the shell
of barnacles and in a lesser extent onto the flax/PLA panels.
After six years of immersion, no invasive sponge cells were
observed anymore. Further long-term studies are needed to
assure sponge regression is due to PLA effect and not simply
to a seasonal regression as already mentioned among non-
indigenous species (Vaz-Pinto et al., 2014).

Concerning the anti-settlement and anti-attachment
properties of the biocomposite, one can hypothesize that
the bulk erosion of PLA and the release of lactic acid (LA) are
incriminated in those phenomena. PLA degradation in com-
post and soil is already well documented (Jeon and Kim,
2013; Karjomaa et al., 1998; Nakamura et al., 2001; Sakai
et al., 2001). Two steps are usually described in the degrada-
tion process of the polymer. Previous studies have shown that
PLA degradation occurs mechanically and/or chemically
depending on the water uptake, UV, pH, and temperature
leading to the release of shorter oligomer chains and mono-
mers of LA. In parallel, micro-organisms such as fungi and
bacteria participate in the biofragmentation of the polymer
by growing within the materials and provoking cracks. The
second concomitant step is the enzymatic biodegradation by
micro-organisms leading to carbon dioxide and/or methane
and water. The biosynthesis of lipases, esterases, ureases and
serine proteases (Lee et al., 2014; Matsuda et al., 2005;
Sukkhum et al., 2009) cleaves the polymeric molecules into
assimilable by-products. In contrast to terrestrial conditions,
only few limited studies have been carried out on PLA
biodegradation in the marine environment. PLA showed
insignificant degradability in sea-water conditions at low
temperature (18—21°C) even after immersion for 9 weeks
(Zenkiewicz et al., 2012) or at 25°C for 10 weeks (Tsuji and
Suzuyoshi, 2002). During tests conducted by the American
Society of Testing and Materials (ASTM), the biodegradation
of PLA was evaluated at 30°C. After 12 months of testing,
results showed only 8% of the PLA sample biodegraded into

carbon dioxide (CDRRR, 2012). In the Etel marina where our
experiment was conducted, the seawater exceptionally
reaches 20°C during summer in the first few metres. This
low temperature may explain the relative slow degradation
of PLA compared to soil or compost. Biopolymers reinforced
with natural fibres provide biocomposites whose properties
are comparable to those of traditional glass/polyester com-
posites (Le Duigou et al., 2009). During a three-month
immersion in seawater, the behaviour of PLA reinforced with
30% by weight of flax fibres showed a significant reduction in
mechanical properties, in particular, a molecular weight
decrease of almost 50% at 20°C. In comparison, the molecular
weight of PLA decreased by 14% in the same conditions (Le
Duigou et al., 2009). During ageing, water can diffuse by
capillarity at the fibre/matrix interface and through the fibre
itself (Le Duigou et al., 2009). This mechanism contributes to
the hydrolysis of the matrix and may explain the long-term
diffusion of small molecular weight PLA and LA from the core
to the external layer of the PLA. As shown previously, a
decrease in PLA molecular weight and increase in LA con-
centration directly depresses the attachment ratio of cypris
larvae and inhibit the network formation of cement proteins
involved in barnacle attachment (Ishimaru et al., 2012).
Marine invertebrate larvae settlement is not completely
understood but it seems that phototropism, biofilm forma-
tion and substrate topography play an important role in this
process (Whalan and Webster, 2014; Whalan et al., 2015). In
the perspective of a marine invasive species management, it
will be of interest to understand the microbial biofilm for-
mation at the interface between abiotic (i.e. flax/PLA bio-
composite) and biotic (i.e. C. ciocalyptoides propagules)
substrates.

To evaluate the anti-attachment properties of the bio-
composite, sponge transplants were bound with an iron wire
on PLA panels and their growth was compared with specimens
let into nylon nets. To ascertain whether the transplantation
itself had no direct effect on sponge growth and develop-
ment, trace elements composition was measured as an indi-
cator of the filter-feeding activity and compared with
specimens living outside the marina. The roles of trace
elements such as cadmium, copper, iron, silicon or zinc in
sponge physiology seem to be essential (Mayzel et al., 2014).
For example, silicon is required for the spiculogenesis in
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Demospongiae. In our study, we showed transplants main-
tained a sufficient trace elements uptake during the first
three years reflecting a normal pumping activity. The increas-
ing levels of Ba, Cr, Cu and Ni measured in transplants are
probably attributed to anthropogenic origins (urban runoff,
antifouling biocides, etc.). For example, in marina, copper-
based antifouling paints are largely applied onto ship hulls to
limit the growth of fouling organisms. It's interesting to note
that this sponge species accumulated Cuup to 11 mg kg~ dry
weight. In comparison, specimens living on the shore, outside
the marina, accumulated in average 6.9 mg kg~ dry weight.
This copper tolerance confirms the inefficiency of copper-
based antifouling paints to get rid of invasive species (McKen-
zie et al., 2012). In contrast, Si concentration was shown to
be two times lower in transplanted samples. The Si uptake
seemed, however, to increase by 15—20% each year suggest-
ing sponge transplants adapted well to their new environ-
ment. Furthermore, weight gains indicated transplants let
into mesh bags had a 100% increase in biomass after two years
while transplants formerly bound on PLA panels did not
survive. All these results indicated that the transplantation
did not affect significantly sponge development and that the
decline observed of our sponge transplants was due to the
flax/PLA itself.

As harbours and marina are considered as the main
entrance for invasive species, novel antifouling strategies
are urgently needed. In this sense, an environmentally
friendly approach using flax/PLA biocomposite was adopted
to tackle the marine invasive sponge C. ciocalyptoides. In the
present study, the occurrence of marine invasive sponge
specimens was delayed for two years in comparison with
concrete. In addition, fouling by marine invertebrates did not
exceed 70% of the surface of flax/PLA panels even after
6 years of immersion. Artificial substrates such as pier pilings,
boys, floats and pipes made of or coated with such biode-
gradable biopolymers may be useful in marina to slow or limit
temporarily on their surfaces settlement by invasive species.
Due to the increasing use of biopolymers for various applica-
tion, many more studies on their biodegradation in marine
environment are required.
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KEYWORDS Summary The invasion of exotic species into native ecosystems is becoming a crucial issue in
Eurytemora species; global biology. Over the last ten years, at least 45 invasions of aquatic species have been reported in
Copepoda; the eastern part of the Gulf of Finland; the majority of them were introduced through ballast water.
Zooplankton; Recently, invasion of the estuarine calanoid copepod Eurytemora carolleeae (Temoridae), origi-
Invasive and native nating from North America, has been reported in several European estuaries and particularly in the
species; Gulf of Finland. This species is morphologically very similar to the native Eurytemora affinis, but it is
Gulf of Finland easily discriminated by molecular markers. In this study, we monitored the distribution area of the

invasive copepod species in European waters, as well as the population structure of (native) E.
affinis and (invasive) E. carolleeae, from 2006 to 2018 in the Gulf of Finland. The population density
of E. affinis was significantly higher, compared to E. carolleeae, during most of the study period. The
only exception was Neva Bay in 2010, wherein the invasive species dominated possibly due to high
temperatures and differences in the levels of fish predation. The reproductive performance of E.
carolleeae was also higher than that of E. affinis. These results show different population dynamics
between the two species. It was revealed that invasive E. carolleeae develops in some of the very
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same habitats as native E. affinis, thereby potentially becoming a significant component of the
zooplankton in the studied area. Moreover, invader has the potential to displace native E. dffinis.
© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z 0.0. This is an open access article under the CC BY-NC-ND license (http://creati-
vecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

An estimated 140—171 aquatic invasions have been reported
in the Baltic Sea during the last two centuries (www.
stateofthebalticsea.helcom.fi; www.corpi.ku.lt). The geolo-
gically young ecosystem of the Baltic Sea, in combination
with salinity gradients, has resulted in many new ecological
niches. These factors have been hypothesized to provide the
key necessary conditions for the spread of new invasive
species and their naturalization in the area (Leppakoski
et al., 2002a,b). Previous and ongoing intensive maritime
traffic, however, results in the displacement of million of tons
of ballast water from site to site (www.helcom.fi/Lists/
Publications). These transfers are impacting the Baltic's flora
and fauna, and they may be a major factor in the multiple
invasions recorded in the region during the last century
(Ojaveer and Kotta, 2015).

The Gulf of Finland is one of the most dense maritime traffic
areas in the Baltic Sea; it includes several active international
shipping routes and large ports (Pollumaea and Valjataga,
2004). Consequently, more than 40 alien species have been
found during the last ten years in only the eastern part of the
Gulf of Finland, most of which were invertebrates (Lehtiniemi
et al., 2016). Most of these species were introduced through
ballast water (Berezina et al., 2011; Katajisto et al., 2013;
Lehtiniemi et al., 2016; Panov et al., 2003; www.helcom.fi/
Lists/Publications; www.stateofthebalticsea.helcom.fi),
including: Cercopagis pengoi (Ostroumov, 1891) (Crustacea:
Cladocera), Mytilopsis leucophaeata (Conrad, 1831), (Mol-
lusca: Bivalvia), Palaemon serratus (Pennant, 1777) (Crusta-
cea: Decapoda), Eriocheir sinensis (Milne-Edwards, 1853)
(Crustacea: Decapoda), Palaemon elegans (Martin Rathke,
1837) (Crustacea: Decapoda), Neogobius melanostomus (Pal-
las, 1814) (Fish).

The invasive species list includes several copepod species,
among which there is a report of a subtle invasion in 2007 of
the estuarine North American copepod Eurytemora carol-
leeae Alekseev and Souissi, 2011 in the eastern part of the
Gulf of Finland (Alekseev et al., 2009; Sukhikh et al., 2013).
Later, this species was also detected in the Gulf of Riga and in
the Amsterdam channels (Sukhikh et al., 2013), as well as in
additional locations (Wasmund et al., 2013), namely: Kiel
Bight, Mecklenburg Bight, Arkona Sea, Bornholm Sea, and in
Eastern Gotland Sea.

It is interesting that, according to pictures and descrip-
tions of Eurytemora species in English waters (Gurney, 1931),
E. carolleeae already inhabited this area of water at the
beginning of 20th century. Possibly, it was an invasion through
ship ballast water, similar to the case of Eurytemora amer-
icana Williams, 1906, which was originally discovered in
1933 in the same area (Sukhikh et al., 2016a). Recent genetic
studies of Eurytemora populations have not revealed the

presence of E. carolleeae in English waters (Lee, 2000;
Sukhikh et al., 2016b; Winkler et al., 2011). However, genetic
studies targeted few crustacean specimens, and it is likely
that they missed E. carolleeae. In addition, early morpholo-
gical studies may have misidentified this species as Euryte-
mora daffinis (Poppe, 1880).

The E. dffinis species complex is a group of species
inhabiting the Holarctic (Sukhikh et al., 2013). The species
complex is currently represented by three species: E. affinis
with Palearctic distribution; North American E. carolleeae;
and Asian Eurytemora caspica Sukhikh and Alekseev, 2013. All
of these species inhabit estuaries and freshwater reservoirs
where they are the dominant pelagic species and constitute
the main food source for animals at higher trophic levels (e.g.
Devreker et al., 2008, 2010; Dur et al., 2009; Lee, 2000).

The E. dffinis species complex has been well studied
(Devreker et al., 2008, 2010; Dur et al., 2009; Hirche,
1992; Knatz, 1978; Lajus et al., 2015; Lloyd et al., 2013).
Experimental studies comparing the reproductive traits
(development time, clutch size and longevity) of E. dffinis
(from the Seine estuary, France) and E. carolleeae (from St.
Lawrence salt marshes, Canada; and Chesapeake Bay, USA)
have confirmed the higher fithess of the North American
population (Beyrend-Dur et al., 2009; Devreker et al.,
2012) compared to the European one (Devreker et al.,
2009, 2012). In addition, field measurements have suggested
that, in both populations, egg production decreased when
temperatures rose above 18°C (Lloyd et al., 2013; Pierson
et al., 2016). This corroborates results from laboratory
experiments (Devreker et al., 2012).

In this paper, we investigated the coexistence of these two
Eurytemora species in the Gulf of Finland. The presence of
both species in the Baltic Sea is the result of secondary
contact. Historically, only E. affinis inhabited the studied
region, whereas the native habitat of E. carolleeae was the
North American Atlantic coast. E. affinis and E. carolleeae
diverged approximately 5.1 million years ago, dating to the
time of the Miocene/Pliocene boundary (Lee, 2000). They
have a mean sequence divergence of 15% in part of the
mitochondrial cytochrome c oxidase | (COI) gene.

The detection of these related species in Baltic waters is
likely the result of recent invasion by E. carolleeae via the
ballast water of ships (Alekseev et al., 2009; Sukhikh et al.,
2013). The most likely source of this invasion is the Atlantic
coast of the United States (Alekseev et al., 2009; Sukhikh
et al., 2013).

E. carolleeae and E. daffinis are very similar morphologi-
cally and it appears as though they occupy, more or less, the
same ecological niches. Like other invasive species, however,
displacements can be detrimental to ecosystem stability. At
the beginning of the invasion, sibling species cause uniden-
tifiable changes in biological diversity, followed by rearran-
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gement of the aquatic communities (Gelembiuk et al., 2006).
In fact, such species can exhibit distinct habitat preferences
defined by depth, salinity, or exposure. Successional differ-
ences between sibling species, reflecting temporal partition-
ing of resources in response to seasonal change or
disturbance, have also been documented (Knowlton,
1993). This may be the result of different physiologies.
Moreover, hybridization experiments, between these North
American and European species, have shown reproductive
incompatibility among them (S. Souissi, unpublished). For
example, six Tubifex tubifex (oligochaetes) lineages living
sympatrically differed in their tolerance to cadmium (Sturm-
bauer et al., 1999) and in their resistance to infection by
Myxobolus cerebralis (Beauchamp et al., 2001).

Previous data on the region's zooplankton community is
rather limited and has been published mainly in Russian. The
zooplankton community of the eastern part of the Gulf of
Finland is represented mainly by freshwater species. The
bulk of zooplankton, by mass, usually consists of Cladocera
(Pollumae and Kotta, 2007; Uitto et al., 1999), while cope-
pods dominate numerically (Ogorodnikova and Volkhonskaya,
2006; Ostov, 1971; Ryabova and Pogrebov, 1991). In general,
zooplankton in the Russian Gulf of Finland are distributed
irregularly, and the areas of highest zooplankton abundance
are located in the southern and eastern regions (Ostov, 1971).
Depending on the year of the study, zooplankton biomasses
have varied from 140 to 1000 mg m—> (Antsulevich et al.,
1995; Basova, 1983; Lavrentieva and Finogenova, 1999). As a
result, Luga Bay and Neva Bay (both situated in the south-
eastern Gulf of Finland) serve as the main areas for fish
feeding and breeding (Golubkov, 2009). The main consumers
of zooplankton in the Gulf of Finland are Baltic herring. Since
the mid-1990s, however, Sprat (Sprattus sprattus (Lin-
naeus)), which is recovering from overfishing in the 1970s,
has also begun to play a significant role as a zooplankton
predator (Alimov et al., 2004).

Zooplankton aggregations are represented by both brack-
ish and freshwater species in Luga Bay. Studies (Lavrentieva
and Finogenova, 1999; Ogorodnikova and Volkhonskaya,
2006; Ryabova and Pogrebov, 1991; Sergeev et al., 1971)
have shown that different species have dominated aggrega-
tions in different years: Keratella quadrata (Muller); Kera-
tella cochlearis (Gosse); Synchaeta baltica Ehrenberg;
Synchaeta oblonga Ehrenberg; Bosmina obtusirostris Sars;
Acartia clausi Giesbrecht; Daphnia cristata Sars; Daphnia
cucullata Sars; and Eurytemora spp. Generally speaking,
these dominant species occur in others parts of the Gulf of
Finland as well (Pollumae and Kotta, 2007; Uitto et al., 1999).
Eurytemora spp. are invariably present in these species lists
(Uitto et al., 1999). It is one of the dominant members in the
Gulf of Finland (https://www.st.nmfs.noaa.gov/copepod/
time-series/fi-30103/), and they reach up to 50% of all
zooplankton biomass in the study area (Sukhikh, unpublished
data). Eurytemora spp. consist up to 45% of all stomachs of
cyprinid species and are abundantly found in the stomachs of
sticklebacks (Demchuk et al., 2017).

Little is known about local Eurytemora spp. populations
and even less is known about the new invasive species, E.
carolleeae, in the Baltic Sea. This is the first study of the
population structure and reproductive traits of two related
species living together in the Baltic Sea: native E. affinis and
invasive E. carolleeae (of western Atlantic origin). We have

used genetic markers to examine the potential for hybridiza-
tion between these two closely related species (E. affinis and
E. carolleeae) which are living in sympatry.

As the invasion of E. carolleeae seems to be a recent and
rapid process, we hypothesize here that it has the potential
to displace native E. affinis in the Gulf of Finland ecosystem
and possibly in the entire Baltic Sea. Such an outcome is
especially possible under certain conditions, such as force
majeure events that cause profound environmental changes.
We seek to clarify spatial and temporal differences in their
distributions that are related to, or dependent on, environ-
mental parameters in order to gain a better understanding of
the potential for native E. affinis to be displaced by invasive
E. carolleeae.

2. Material and methods

2.1. Sampling

In order to reveal the distribution of invasive E. carolleeae in
European waters, copepods were collected from 11 European
sites between 2004 and 2017: channels in Amsterdam; the
Elbe, Seine, Schelde, Loire, and Gironde estuaries; the Lake
of the Bois de Boulogne (Paris); Umea Seaport (Sweden);
Vistula Lagoon; the Gulfs of Riga and Finland (the Baltic Sea);
and the Northern Dvina River (Fig. 1, Table 1). Three sites
were analyzed in the Gulf of Finland: the Gulf of Vyborg, Neva
Bay and Luga Bay.

Monitoring of invasive species has been carried out per-
iodically since 2004 in Neva Bay and since 2006 in Luga Bay. To
estimate the relative percentage of the two Eurytemora
species in Neva and Luga Bays, samplings were performed
once per year, usually during August when high population
densities are observed; Luga Bay sampling in 2010 was an
exception and occurred in September. The total number of
studied specimens ranged from 15 to 181 per site (the number
of specimens obtained in three replicates, three nets in
each).

Seasonal monitoring of adult population densities (E.
affinis and E. carolleeae) in Luga Bay (Gulf of Finland) was
carried out from 10.06 to 27.08 in 2006, from 19.04 to
17.09 in 2008 and from 16.06 to 27.09 in 2015. Sampling
was performed at the mouth of Luga River, every ten days in
2006 and in 2008, and every twenty days in 2015. Water
salinity and temperature at the mouth of the Luga River were
measured using a COM-100 waterproof combination meter
(HM Digital, USA).

Samples were collected with 100 wm or 230 pum mesh
plankton nets by vertical tows from depth to surface in three
replicates and preserved in 96% ethanol or in 4% formalin
solution (sampling information is given in Table 1).

2.2. Species identification

Identification of adult E. affinis and E. carolleeae copepods
was accomplished by following published taxonomical keys
(Alekseev and Souissi, 2011; Sukhikh and Alekseev, 2013).
Morphological analysis of adult copepods was performed
under an SZX2 dissection microscope (Olympus) with a
5 wm resolution ocular micrometer. E. carolleeae type mate-
rial from the Russian Academy of Sciences Zoological Insti-
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Figure 1

Sampling locations analyzed by the authors (rhombi) and literature data on the distribution of invasive Eurytemora

carolleeae in Europe (circles). Black figures represent the presence of invasive Eurytemora carolleeae in studied area. 1 — Gironde
Estuary; 2 — Loire Estuary; 3 — Chelson Meadow, Plymouth, British waters (Gurney, 1931); 4 — Seine Estuary; 5 — Lake in Bois de
Boulogne (Paris); 6 — Scheldt Estuary; 7 — Amsterdam channels (Sukhikh et al., 2013); 8 — Elbe Estuary; 9—13: 9 — Kiel Bight, 10 —
Mecklenburg Bight, 11 — Arkona Sea, 12 — Bornholm Sea and 13 — Eastern Gotland Sea (Wasmund et al., 2013); 14 — Gulf of Bothnia,
Umea; 15 — Stockholm (Gorokhova et al., 2013); 16 — Vistula lagoon; 17 — Gulf of Riga; 18 — Gulf of Finland; 19 — the White Sea
(Sukhikh et al., 2016a,b and pers. comm. of Polyakova N.V.); 20—22 — the Caspian Sea and the drainage basin of Volga River (Lazareva
et al., 2018; Sukhikh et al., 2018); 23 — Northern Dvina River; 24 — Pechora Estuary (Cherevichko, 2017; Fefilova, 2015).

tute collection was used for reference in this study (type
collection #55052-55054). Identification of specimens from
the Schelde River, Seine estuary, Gulf of Riga, Gulf of Finland,
Vistula Lagoon, Loire estuary, Lake in the Bois de Boulogne,
and Northern Dvina River was also supported by DNA sequen-
cing of a portion of the mitochondrial cytochrome oxidase
subunit 1 gene (COI, see below). In studying and estimating
population densities in Luga Bay, only adult stages of E.
affinis and E. carolleeae were analyzed as there are no clear
morphological features distinguishing the juvenile stages
(nauplii and copepodites) of these closely related species.
Moreover, an additional Eurytemora species, Eurytemora
lacustris (Poppe, 1887), was present in the zooplankton
community of the sampled area. The juvenile stages of E.
lacustris are also indistinguishable from those of E. affinis
and E. carolleeae. As a result, it was impossible for us to
separately distinguish or estimate nauplii and copepodites
densities for these three Eurytemora species.

2.3. Morphological and reproductive traits
measurements

For measurement of reproductive parameters, 20 E. carol-
leeae females and 23 E. dffinis females were randomly
selected from the same sample collected in July 2015 in
Luga Bay (water temperature 17.3°C). The number of eggs
per clutch and the egg diameters of 5—10 eggs from each

clutch were calculated for each female of both species. In
addition, the lengths and widths of the prosome and the egg
sac were measured under a dissection microscope (as above).

2.4. Statistical analysis

Differences between the species, in terms of reproductive
parameters as well as in the lengths and widths of prosomes
and egg sacs, were quantified using the nonparametric Krus-
kal—Wallis test as implemented in the Statistica 7 software
package. The relationships between female prosome length
and clutch size, in both studied species, were shown by linear
regression analysis (Statistica 7). The significance limit was
set at p < 0.05.

2.5. Material used for genetic analysis

The nuclear ribosomal 18S gene, ITS regions (including 5.8S),
and one mitochondrial (COIl) gene were analyzed in the
present study. Specimens used for genetic analysis were
obtained from: Neva Bay (Russia), July 2014 (E. affinis, E.
carolleeae); the Loire and Seine Rivers (France), April 2011
(E. affinis); the Saint-Lawrence estuary (France), September
2014 (E. carolleeae); and a laboratory collection (E. carol-
leeae), originally from Chesapeake Bay (U.S.A.). A total of 18
E. affinis individuals and 23 E. carolleeae individuals were
analyzed with genetic tools.
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Table 1  Sampling locations of populations of Eurytemora affinis and Eurytemora carolleeae.
Sampling locations Sampling date Sample size Sample size Latitude Longitude
for genetic for
analysis® morphological
analysis®

Elbe estuary March 2006 50 53°53'24N  09°08'44E
Scheldt River April 2011 7 15 51°13/42N  04°23'86E
Antwerp April 2011 1 15 51°N 04°E
Duaene
Seine estuary April 2011 37 10 49°28'33N  00°27'54W

May 2008 49°28'33N  00°27'54W

July 2008 9 49° N 00°W
Gulf of Riga Aug. 2008 14 29 57° 04'44N 23°04'44E
City Port
Gulf of Finland: Sep. 2007 35 10 60°23'39N  28°26'74E
Gulf of Vyborg Aug. 2009 30 110 59°32/36N  29°28'17E
Neva R. estuary Aug. 2010 30 227 59°24'13N  28°11/06E
Luga R. estuary Aug. 2004, 2007, 2010—12, 2014—15

Aug. 2006—09, 2011, 2015

Sep. 2010
Vistula Lagoon Oct. 2007 5 30 54°65'02N  20°23'37E

Jun. 2015 30
Northern Dvina River Aug. 2015 5 10 64°33'00N  40°32'00E
Gulf of Bothnia, Umea May 2010 10 63°49'30"N 20°15'50"E
Loire estuary April 2011 52 10 47°17'23N  02°01'52W
St.1 July 2009 9
St.2
Gironde estuary May 2005 10 45°04'10N  00°38'30W
St.1 July 2009
St.3
Lake in the Bois de Boulogne (Paris) July 2010 3 48°51'48N  2°15'07E
Saint-Lawrence Estuary Sep. 2014 4 48°1"1N 69°20'8W
Chesapeake Bay Feb. 2013 3 38°36'15N  76°4'54W

2 Number of individuals sequenced per location.
® Number of individuals analyzed with morphological method.

2.6. DNA extraction, amplification, and
sequencing

Genomic DNA was extracted from single adult copepods
preserved in 96% ethanol using a standard method described
by Aljanabi and Martinez (1997) or using a cell lysis buffer
with Proteinase-K protocol modified from Hoelzel and Green
(1992) and Lee (2000). Polymerase chain reaction (PCR), in
order to achieve cytochrome oxidase subunit 1 (COI) ampli-
fication, utilized both universal (COIH, COIL) and specific
(EuF1, EuR2) primers. Their sequences are: COIH 2198 (5'-
TAAACTTCAGGGTGACCAAAAAATCA-3’); COIL 1490 (5'-
GGTCAACAAATCATAAAGATATTGG-3'; Folmer et al., 1994);
EuF1 (5-CGTATGGAGTTGGGACAAGC-3’); and EuR2 (5'-
CAAAATAAGTGTTGGTATAAAATTGGA-3';  Winkler et al.,
2011). Two thermocycling programs, modified from Lee
(2000), were used for PCR amplification. The first was 5 cycles
of 90°C (30's), 45°C (60's), 72°C (90 s); followed by 27 cycles
of 90°C (30's), 55°C (45's), 72°C (60 s); and ending with 5 min
at 72°C. The second program featured an initial denaturation
at 95°C for 30s; followed by 5 cycles of 90°C (30s), 55°C
(60s), 72°C (90 s); followed by 27 cycles of 90°C (30's), 55°C

(45s), 72°C (605s); and ending with 5 min at 72°C. These
conditions and methods were used in our previous work
(Sukhikh et al., 2016a,b).

Complete 18S rDNAs were amplified using the primer pair
18A1 mod (5-CTGGTTGATCCTGCCAGTCATATGC-3') and
1800 mod (5'-GATCCTTCCGCAGGTTCACCTACG-3’) (Raupach
et al., 2009). The ITS-4 and ITS-5 universal nITS (nuclear
ribosomal DNA internal transcribed spacer) primers (White
et al., 1990) were used for amplification of the ITS1-
5.8SrRNA-ITS2 region. PCR conditions for both sets of primers
(18SrRNA and nITS) were: initial denaturation at 95°C for
30s; followed by 38 cycles of 95°C (30 s), annealing (50°C for
nITS or 55°C for 18SrRNA) for 30's, 72°C (70s); and a final
extension at 72°C for 7 min.

Amplified products were purified with a QlAquick PCR
purification kit (Qiagen, Valencia, CA, USA) and sequenced
using an ABI 3100 or 3130 automated sequencer (Applied
Biosystems Inc., Foster City, CA, USA). Both DNA strands were
sequenced to confirm the accuracy of each sample sequence.

Sequences were aligned using the CLUSTAL W algorithm
(Thompson et al., 1994) implemented in BIOEDIT v.7.2 (Hall,
1999) with manual editing of ambiguous sites. The number of
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polymorphic sites was estimated using DNASP vé6 (Librado and
Rozas, 2009). The level of nucleotide differences between
the species was calculated using the Tamura-Nei 93 model
with the MEGA 6.06 software package (Tamura et al., 2013).

3. Results

3.1. Distribution of invasive species in European
waters

Apart from the Gulf of Finland, the presence of invasive
American Eurytemora species was monitored at 11 sampling
locations (Table 1) over the last 12 years. As a result, E.
carolleeae was detected in Riga Bay and in Amsterdam
channels. The density of American Eurytemora in Riga Bay
did not exceed 2% of total density (both Eurytemora species).
In contrast, E. carolleeae was more prevalent in Amsterdam
channels with a total of about 30% of the combined Euryte-
mora density. E. carolleeae was absent from all samples from
the Schelde, Seine, Loire, and Gironde estuaries, and also
absent from the Bois de Boulogne (Paris), Vistula Lagoon, the
Gulf of Bothnia (the Baltic Sea), and Northern Dvina River.

3.2. Coexistence of native and invasive
Eurytemora species in the Gulf of Finland

During the entire study period, E. affinis numerically domi-
nated the Eurytemora species assemblage in the Gulf of
Finland (Fig. 3a, b). Eurytemora carolleeae accounted for
2—30% in Luga Bay and from 0% to 100% in Neva Bay. During
the whole study period, E. carolleeae occurred in fewer
numbers than E. affinis in Neva and Luga Bay regions in
the Gulf of Finland. The maximum E. carolleeae density
percentages were observed in 2010 and 2015 (Fig. 3a). At
the same time, the densities of E. carolleeae adult females
during the unusual temperature conditions in 2010 and 2015,
were similar to those seen during the thermally normal year
2011, in which E. affinis was prevalent (631 & 259 ind m~3).
Indeed, the density of E. carolleeae adult females in mid
September 2010 in Neva Bay was 24 + 11ind m~3. In July
2011, the density of E. carolleeae adult females was about
16 + 10ind m~3. In mid August 2015, the density of E. car-
olleeae adult females was 24 + 8 ind m—. E. affinis adult
females densities in 2010 and 2015 were low: 108
+51ind m~3 and 1 + 1ind m~3, respectively.
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3.3. Salinity and temperature conditions in Luga
Bay, Gulf of Finland

Water salinity in the studied area at the mouth of the Luga
River changed from 0.67 to 2.31 psu during the monitoring
period. Temperatures during the summers of 2006, 2008,
2015, and 2017 ranged from a minimum of 12.8°C (in June
2015) to a maximum of 23.2°C (in July 2006) (Fig. 2). In this
region of the Gulf of Finland, mean water temperature in July
is usually between 18 and 20°C (http://weatherarchive.ru).
During 2010, 2015, and 2017, however, water temperatures
were unexpectedly different. In 2010, for example, 23.5°C
was recorded. Yet, the summers of 2015 and 2017, by con-
trast, were rather cool and mean July temperatures were
17.1°C and 15.8°C, respectively (http://weatherarchive.ru).

3.4. Density changes in adult E. affinis and E.
carolleeae populations

The average density of the zooplankton community (repre-
sented mainly by Rotifera, Cladocera, and Copepoda) was about
10° ind m~2 in all studied periods. The Order Copepoda domi-
nated the summer zooplankton community (~50,000 ind m~3).
The predominant zooplankton species were the rotifer Kera-
tella quadrata, the calanoid copepod E. dffinis, and the cla-
doceran Bosmina longispina. E. carolleeae was present in all of
the Gulf of Finland study locations. Seasonal monitoring of E.
carolleeae and E. dffinis in Luga Bay showed that both species
exhibited two summer population density peaks (in years
2015 and in 2008) and one strong peak in 2006 (Fig. 4). In
2006, the major peak for both species was observed in the end-
of-June to beginning-of-July time frame, yet with an almost five
fold higher density for E. affinis than for E. carolleeae. A minor
peak was noted for E. dffinis at the beginning of August, as well
as a slight increase at the end of the month (Fig. 4a).

In 2008, the highest density was observed between mid-
June and the beginning of July for E. affinis, and a second
peak was recorded at the end of August. At the same times,
two peaks of density were also observed for E. carolleeae but
of smaller magnitude (Fig. 4b).

In 2015, the first density peak, for both species, was
recorded during mid-June and the beginning of July, and
the second one was observed at the beginning of September
(Fig. 4c). Neva Bay sampling in summer 2017 (24.07.17) did
not detect any Eurytemora specimens.
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Figure 2 Mean changes in Luga Bay, Gulf of Finland, surface water temperature (°C) during spring, summer, and early autumn in the

years: 2006 (full line); 2008 (dotted line); and 2015 (dashed line).
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Figure 3 Percent ratio of invasive Eurytemora carolleeae

(black sector) and native Eurytemora affinis (gray sector), during
the last 10 years, in Neva (a) and Luga Bays (b), Gulf of Finland.

Overall, E. daffinis population densities were generally
several times higher than those of E. carolleeae. The max-
imal densities were observed for both species in 2006, namely
1295 ind m~3 for E. affinis, and 201 ind m 3 for E. carolleeae.
The minimal population densities were observed during the
summer of 2015 in which no more than 117 ind m~3 were
observed for E. affinis and 24 ind m~ for E. carolleeae.

In Fig. 5, the detailed densities of males and females, of
both species, are shown. During 2006 and 2008, there were
more males than females in both E. affinis (Fig. 5a, b) and E.
carolleeae populations (Fig. 5d, e). However, during 2015
(Fig. 5¢c, f), the opposite occurred, and the sex ratio was
generally in favor of females except for one date (beginning
of July, E. affinis) (Fig. 5c).

3.5. Reproductive parameters of Eurytemora
females

The two Eurytemora species studied in the Gulf of Finland
were significantly different (p < 0.05) in their morphological
(prosome length and width, egg sac width) and reproductive
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Figure 4 Population density changes in adult Eurytemora
affinis (dotted line) and Eurytemora carolleeae (solid line)
during the 2006 (a), 2008 (b), and 2015 (c) summer seasons.

(clutch size) characteristics (Table 2). The respective pro-
some lengths and widths were 830.2 + 7.0 pm and 310.1
+ 6.4 um in E. carolleeae and 744.0 + 15.5 um and 247.9
=+ 5.3 pm in E. affinis.

Clutch size was almost two times larger in E. carolleeae
than in E. affinis: 61.7 + 2.4 and 34.0 + 1.4, respectively
Analysis of egg size and egg sac length did not reveal sub-
stantial differences between the two species. The difference
in egg sac width between the two species (252.3 + 11.5 um
in E. carolleeae versus 226.9 + 5.1 um in E. dffinis) reflects
differences in the shape of the sac, which is more rounded in
E. carolleeae and more oval in E. affinis. At the same time,
prosome lengths and clutch sizes in females of both species
had a linear relationship (E. affinis, r*=0.59, p < 0.05; E.
carolleeae, r* = 0.35, p < 0.05).
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Figure 5 Population density changes in males (dotted lines) and females (solid lines) of Eurytemora affinis (a, b, c) and Eurytemora
carolleeae (d, e, f) during the 2006 (a, d), 2008 (b, €), and 2015 (c, f) summer seasons.
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Table 2 Mean values of reproductive parameters in females of Eurytemora carolleeae and Eurytemora affinis from the Gulf of

Finland. Mean =+ standard deviation.

Species/measuring  Egg number  Egg size Prosome L Prosome W  Clutch L Clutch W Number of
(m) (wm) (m) (pem) studied
individuals
E. carolleeae 61.7+2.4 76.7 £ 0.8 830.2 +£7.0 310.1 £ 6.4 476.6 =14.7 252.3+11.5 20
E. affinis 34.0+1.4 77.6 £0.57 744.04+15.5 247.9+5.3 466.8+11.1 226.9+5.1 23

3.6. DNA polymorphism data and hybridization
between the species

Morphological observation revealed clear differences
between the two species, and specimens exhibiting inter-
mediate characters were not typically seen during the study
period. Very rare specimens (about 1%) with intermediate
features were observed and they were tentatively presumed
to be hybrids.

These intermediate phenotypes usually featured inter-
mediate numbers of eggs in the egg sac, intermediate egg
sizes, body sizes, or caudal rami shapes. Some had segment-
like divisions in setae and genital somite with outgrowth, as
in E. carolleeae, yet they always differed from the morphol-
ogy of E. carolleeae type specimens by a wing-like outgrowth
in the distal part of body, a diagnostic character of E. daffinis.

Genetic analyses were performed with a complete data
set of 86 sequences (75 original and 11 previously published;
Sukhikh et al., 2016b). The obtained sequences were com-
pared with existing sequences of Eurytemora and deposited
in GenBank (accession numbers 18SrRNA KX400968—
KX400986; COlI KX400987—KX401004, KX401042—KX401328;
nITS KX401005—KX401041). The ITS and 18S nuclear genes
were analyzed together with the COIl gene in order to deter-
mine whether hybridization occurs and, if so, whether only
F1 individuals are observed or are there subsequent genera-
tions of introgression.

Sixteen E. carolleeae COl sequences and thirteen E. affinis
COl sequences were analyzed. Samples sources were: eight E.
carolleeae and eight E. affinis sampled from Neva Bay, four E.
affinis and four E. carolleeae sampled from Luga Bay and 3 E.
carolleeae from Chesapeake Bay. In both species, a 544 b.p.
COI product was amplified. Overall, E. carolleeae (COIl)
sequences contained 38 polymorphic sites and 13 haplotypes;
E. affinis sequences contained 4 polymorphic sites and 4 hap-
lotypes. The level of pairwise divergence in the COI gene
between the two species was 15%, which is indicative of high
divergence between these 2 species.

In terms of the 18SrRNA gene (length of 1690 bp),
15 sequences were successfully obtained for E. carolleeae
and 9 for E. affinis. There were no observed nucleotide
differences between the species and no polymorphic sites
were observed. This suggests that the 18SrRNA gene is more
useful in wide phylogenetic analysis of Copepoda, and less
useful in work with closely related species.

ITS gene sequences were obtained and analyzed (E. car-
olleeae n=17; E. affinis n =12) from samples collected as
follows: 14 E. carolleeae and 12 E. affinis sampled from Neva
Bay; and three E. carolleeae from Chesapeake Bay. Due to
polymorphism, ITS amplicons were 791 bp from E. carolleeae
and 783 bp from E. dffinis. Overall, E. carolleeae ITS

sequences (794 bp in length, including sites with alignment
gaps) contained one polymorphic site, whereas E. affinis ITS
sequences (795 bp in length, including sites with alignment
gaps) had no polymorphic sites. The level of pairwise diver-
gence, in the ITS1-5.8SrRNA-ITS2 region between the two
species, was 4.9%. E. affinis sequences from the Loire and
Seine Rivers were not available.

4. Discussion

4.1. Distribution of invasive E. carolleeae in
Europe

The presence of the invasive E. carolleeae species in Eur-
opean waters has only been reported in specific locations,
namely: the Gulf of Finland, the Gulf of Riga, Amsterdam
channels (Sukhikh et al., 2013), Kiel Bight; Mecklenburg
Bight, the Arkona Sea, the Bornholm Sea, the Eastern Gotland
Sea (Wasmund et al., 2013) and perhaps in British waters
(Gurney, 1931) (Fig. 1). The presence of E. carolleeae in
these areas is a noteworthy result since there are many
previous reports, from a wide variety of European fresh
and marine waters, showing no evidence of E. carolleeae.

Accurate identification of different species is necessary
due to the fact that they feature evident differences in
physiology, and those differences may cause harmful changes
in ecosystem function or productivity. Population shifts may
eventually have important consequences for biodiversity,
biogeography, conservation, or fisheries management
(Gelembiuk et al., 2006; Knowlton, 1993; Lee, 2000). Such
invasions might have important implications for disease
transmission as well. Eurytemora are major hosts of many
pathogens, including Vibrio cholerae, V. vulnificus, and V.
parahaemolyticus (Colwell, 2004; Lee et al., 2007; Piasecki
et al., 2004). They are also probable hosts and vectors for
plerocercoids that can infect some fish species (Arnold and
Yue, 1997).

E. carolleeae was not found in the Elbe, Schelde, Seine,
Loire or Gironde estuaries, nor was it detected in the lake
near Paris, the Vistula Lagoon, or the Gulf of Bothnia (the
Baltic Sea) in 2006—2011 (Table 1). In addition, we have
previously shown that it is not present in samples from White
Sea rock pools (Sukhikh et al., 2016a,b), in the White Sea
itself (pers. comm. of Polyakova N.V.), or in the Northern
Dvina River. In addition, species lists from the Pechora Estu-
ary (Cherevichko, 2017; Fefilova, 2015), the Caspian Sea, and
the Volga River drainage basin (Lazareva et al., 2018; Sukhikh
et al., 2018) did not include E. carolleeae. Finally, previous
genetic studies of the E. affinis species complex in a number
of locations (the Swedish coast — Gorokhova et al., 2013;
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Winkler et al., 2011; the Elbe, Schelde, Seine, Loire, and
Gironde estuaries — Winkler et al., 2011) have not detected
E. affinis.

4.2. Population dynamics of E. carolleeae and E.
affinis in the Gulf of Finland

Seasonal study of E. carolleeae and E. affinis in Luga Bay
revealed no substantial differences in their population
dynamics. The highest densities were observed during early
summer of 2006 for both species (Fig. 4a). These maximal
densities may be the result of dredging activity in the Luga
Bay study area that occurred during the summer of 2006
(Spiridonov et al., 2011). This event caused resuspension of
nutrients in the water column which, in result, induced an
increase of phytoplankton (the main food source for Euryte-
mora) density (Spiridonov et al., 2011).

The lowest population densities (both species) were
observed during the summer of 2015 (Fig. 4c). The period
was characterized by unusually low temperatures, including
a minimum of 12.8°C in June. The conditions likely reduced
phytoplankton densities, and the effect is a possible reason
for the decreased population densities recorded for both E.
affinis and E. carolleeae. Nevertheless, no overall correla-
tion was found between population density and water tem-
perature during the summer.

The absence of Eurytemora species in the 2017 samples
was possibly due to a shift of the resident marine zooplankton
community to a riverine one, since summer 2017 was rather
rainy and river flow had increased. During the same sampling
period, Eurytemora species were observed in more or less
usual densities in the central part of Neva Bay of the Gulf of
Finland (pers. comm. of Litvinchuk L.), an area unaffected by
river outflow-associated salinity decreases. In the summer
2018, E. carolleeae in Luga Bay was also observed in usual
density.

Throughout the study period, the population density of E.
affinis was several times higher than that of E. carolleeae in
Luga Bay (Fig. 4). However, in September 2010 and in August
2015, Neva Bay samples contained only E. carolleeae; this
suggests a major shift in zooplankton populations, featuring a
replacement of E. affinis by invasive E. carolleeae (Fig. 3).
However, the shift in zooplankton was temporary since sam-
ples devoid of E. affinis were recorded only those two times.
Interestingly, both summers 2010 and 2015 featured unusual
temperatures: hot 2010 and cold 2015. Record heat levels
were observed in summer 2010, resulting in the warmest
summer of the last 100 years in the region (https://en.
wikipedia.org; https://en.wikipedia.org/wiki/
2010_Northern_Hemisphere_summer_heat_waves). Conse-
quently, during that summer, the warmest water tempera-
tures were also recorded. Water temperatures above 15—20°C
are known to be unfavorable for E. affinis (Devreker et al.,
2008, 2010; Dur et al., 2009; Hirche, 1992; Knatz, 1978).

These uncommon temperature conditions probably nega-
tively affected native E. affinis populations, yet without
reducing  population  densities of invasive E.
carolleeae. The temperature tolerance of the invasive cope-
pod species is possibly wider as water temperatures in its
native Chesapeake Bay range between 5 and 25°C (Kimmel
et al., 2006). E. carolleeae is also characterized by high egg

productivity (Pierson et al., 2016), which could favor its rapid
spread in the area. In the eastern part of the Gulf of Finland,
yearly mean water temperature varied between 0 (winter)
and 18—20°C (summer) (http://weatherarchive.ru/Sea/
Ust-luga/July). In such an environment, invasive species
may be more successful than native ones in fast changing
environmental and temperature conditions. Furthermore, E.
carolleeae densities were not observed to depend on summer
temperatures in different years.

In 2010 and 2015, analysis of Luga Bay samples did not
reveal replacement of E. dffinis by E. carolleeae. This indi-
cates that site-specific factors likely play a significant role in
the population dynamics of the species. In fact, the popula-
tion density trends are similar to the other years studied
(Fig. 3) even though the proportions of E. carolleeae were
slightly higher during these two years (30% in 2010 and 14% in
2015). The relatively lower 2010 densities of E. carolleeae in
Luga Bay, in comparison to Neva Bay, could be due to the
sample collection timing. Plankton samples were not col-
lected during August, as in other years, but later, at the end
of September, when water temperature was 18°C. However,
during September of 2008 and 2015, water temperatures
were not higher than 15°C, and neither Eurytemora species
was found there. These observations reinforce the possibility
that temperature fluctuations may affect the development
of both species in the Gulf of Finland.

Luga Bay is known to be one of the most important regions
in the Gulf of Finland for fish feeding, breeding, and spawning
(Golubkov, 2009). Therefore, it is possible that fish predation
on copepods was higher in Luga Bay. Prosome size (length and
width) was larger in E. carolleeae than in E. affinis (Table 2);
this makes them more susceptible to visual predators. It has
been demonstrated that fish eat larger zooplankton first and
small ones afterwards (Brooks and Dodson, 1965). In addition,
this invasive species has a larger egg sac (Table 2), and it was
shown by Mahjoub et al. that fish prefer to feed on ovigerous
females. Therefore, with their bigger prosomes and egg sacs,
E. carolleeae may be more visible to fish predators and more
susceptible to subsequent predation. Therefore, in addition
to temperature, fish predation pressure may be one of the
limiting factors in population growth of E. carolleeae in Luga
Bay. Ideally, laboratory experiments would test these hypoth-
eses.

4.3. Reproductive characteristics of the studied
species

Study of the reproductive parameters of the two Eurytemora
species living in sympatry revealed a significant difference in
clutch size, but not in egg size. E. carolleeae, from a summer
2015 sample, was characterized by higher reproductive
potential. The invasive E. carolleeae produced almost double
the clutch size (62 eggs female™") than that of the native E.
affinis (34 eggs female™). In Chesapeake Bay (the native
habitat of E. carolleeae), the species is characterized by
salinity tolerance, temperature tolerance, and high fecund-
ity (Pierson et al., 2016). Beyrend-Dur et al. (2009) compared
two formerly transatlantic Eurytemora populations collected
from the Seine estuary (France) and from the Saint Lawrence
salt marshes (Canada) and showed that American Eurytemora
had higher fecundity, higher salinity tolerance, shorter
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development time, and a longer life span (Beyrend-Dur et al.,
2009). These reproductive and physiological differences may
enhance the ability of E. carolleeae to invade and spread into
new areas. This ability may further be enhanced in regions
where conditions have become more favorable, over time,
due to climate change. A general trend of decreasing salinity
in the Baltic Sea is one such example (https://www.st.nmfs.
noaa).

4.4, Comparison between invasive and native E.
carolleeae populations

In comparisons between the invasive E. carolleeae found in
the Gulf of Finland (this study) and the native E. carolleeae
from Chesapeake Bay (Lloyd et al., 2013), native E. carol-
leeae had a lower clutch size (around 50 eggs female ') and a
smaller prosome length (about 780 nm) at the same water
temperatures. Chesapeake Bay is a possible source of inva-
sive copepods (Sukhikh et al., 2013), and it is likely that
invasive E. carolleeae encountered more favorable environ-
mental conditions in the Gulf of Finland than in its native
area. This interpretation is supported by Lajus et al. (2015),
who compared levels of fluctuating asymmetry (FA) for
populations of E. carolleeae from Chesapeake Bay and from
the Gulf of Finland. Fluctuating asymmetry represents ran-
dom deviations from perfect symmetry, and is a proxy for
developmental instability (Zakharov, 1989). FA is often used
to monitor stress of different origins (Beasley et al., 2013;
Graham et al., 2010).

FA was larger for native E. carolleeae (Chesapeake Bay),
compared to invasive E. carolleeae (Gulf of Finland). Inter-
estingly, E. affinis from the Gulf of Finland has almost the
same FA as the invasive E. carolleeae species. This may be the
result of generally less stressful environmental conditions in
the Gulf of Finland in comparison to Chesapeake Bay. The
Gulf features different temperature conditions and fewer
salinity changes due to the absence of tides. In fact, the E.
affinis population from the Seine estuary, with its high tides,
had the highest FA of all of the studied populations (Lajus
et al., 2015). Those findings fits with our data showing higher
FA for native E. carolleeae (from Chesapeake Bay) than for
invasive E. carolleeae (from the Baltic).

4.5. Interaction between sympatric species

Long-term monitoring of the population densities of the two
Eurytemora species living in sympatry, as well as analysis of
their morphological and reproductive parameters, revealed
that invasive E. carolleeae and native E. daffinis have
remained reproductively isolated from one another. How-
ever, rare individuals with intermediate morphological fea-
tures were observed. Similar cases are known, and hybrids
within zooplankton species/lineages are not unheard of in
studies of planktonic dispersers, and in particular within
Copepoda (Makino and Tanabe, 2009; Parent et al., 2012;
Petrusek et al., 2008; Pritchard et al., 2012; Taylor and
Hebert, 1993).

Analysis of nuclear ITS genes confirmed that the gene
pools of the two studied species have remained largely
genetically isolated. More variable (and thus more powerful)
molecular markers should be developed to test for the pre-

sence of subtle introgression between these two closely
related and sympatric species.

5. Conclusion

We have demonstrated that two Eurytemora species (native
E. affinis and invasive E. carolleeae) co-exist in the same area
in the Gulf of Finland. Although previously published work has
established the presence of these species in the Gulf of Riga
and in Amsterdam channels, Wasmund et al. (2013) have
demonstrated their expanded co-distribution in Kiel Bight,
Mecklenburg Bight, Arkona Sea, Bornholm Sea, and in Eastern
Gotland Sea.

The population dynamics of both species are largely par-
allel. Invasive E. carolleeae is usually second to E. affinis in
terms of density. In addition, the larger body size and dif-
ferent reproductive traits of E. carolleeae confer a potential
for it to displace native E. affinis species. Future work which
aims to assess the prospects for further geographic expansion
of E. carolleeae should take into consideration not only
interspecific competition between these two closely related
Eurytemora species, but also species present at higher and
lower trophic levels that interact with Eurytemora copepods.

Acknowledgments

We are very grateful to G. Winkler, J. Pierson, O. Glippa, M.
Tackx, L. Samchishina, J. Polunina, E. Naumenko, S. Mal-
javin, andS. Korochin for their help in sampling. We thank the
staff of the GEPV laboratory, Lille University, and especially
Vincent Castric for providing the genetic work and valuable
comments on this paper. We thank the staff of the Zoological
Institute Laboratory of Molecular-Genetic Systematics,
where the genetic analysis was performed. We are thankful
to L.F. Litvinchuk, V.I. Lazoreva, and N.V. Polyakova for
information on the distribution of E. carolleeae in European
waters. We thank anonymous reviewers for valuable com-
ments that substantially improved the manuscript. For this
work, the Federal Collection N 96-03-16, Zoological Institute
of the Russian Academy of Sciences (St. Petersburg, Russia)
was used. This work was conducted in accordance with the
national initiative AAAA-A17-117041910019-2 and sup-
ported by: the BIODISEINE; ZOOGLOBAL Seine Aval project;
and the Mechnikov postdoctoral program in France; the
“Biodiversity” grant from the Presidium of the Russian Acad-
emy of Sciences; and Russian Foundation for Basic Research
(PPN 17-04-00027 A). We are also grateful to Edward
Ramsay for English editing.

References

Alekseevy, V., Souissi, A., 2011. A new species within the Eurytemora
affinis complex (Copepoda: Calanoida) from the Atlantic Coast of
USA, with observations on eight morphologically different Euro-
pean populations. Zootaxa 2767, 41—56.

Alekseev, V.R., Abramson, N.I., Sukhikh, N.M., 2009. Introduction of
sibling species to the ecosystem of the Baltic Sea. Dokl. Biol. Sci.
429 (5), 694—697.

Alimov, A.F., Bogutskaya, N.G., et al., 2004. Biological Invasions in
Aquatic and Terrestrial Ecosystems. Fellowship of Scientific Pub-
lications KMC, Moscow, St. Petersburg, 424 pp., (in Russian).


https://www.st.nmfs.noaa/
https://www.st.nmfs.noaa/
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0010
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0010
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0010
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0015
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0015
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0015

N. Sukhikh et al./Oceanologia 61 (2019) 227—238 237

Aljanabi, S.M., Martinez, I., 1997. Universal and rapid salt-extraction
of high quality genomic DNA for PCR-based techniques. Nucleic
Acids. Res. 25—22, 4692—4693.

Antsulevich, A.E., Ryabova, V.N., Stogov, I.A., 1995. The current
state of zooplankton in the Luga Bay of the Gulf of Finland. Bull.
St. Petersburg State Univ. 3 (3), 3—9, (in Russian).

Arnold, J.D., Yue, H.S., 1997. Prevalence, relative abundance, and
mean intensity of plerocercoids of Proteocephalus sp. in young
striped bass in the Sacramento-San Joaquin estuary. California
Fish Game 83 (3), 105—117.

Basova, S.L., 1983. Survey of the pollution status of the eastern part
of the Gulf of Finland by hydrobiological indicators in 1983,
Leningrad, 86 pp., (in Russian).

Beasley, D.E., Bonisoli-Alquati, A., Mousseau, T.A., 2013. The use of
fluctuating asymmetry as a measure of environmentally induced
developmental instability: a meta-analysis. Ecol. Indic. 30, 218—
226.

Beauchamp, K.A., Kathman, R.D., McDowell, Hedrick, R.P., 2001.
Molecular phylogeny of tubificid oligochaetes with special em-
phasis on Tubifex tubifex (Tubificidae). Mol. Phylogenet. Evol. 19,
216—224.

Berezina, N.A., Petryashev, V.V., Razinkovas, A., Lesutiene, J., 2011.
Alien malacostraca in the eastern Baltic Sea: pathways and
consequences. In: Galil, B.S., Clark, P.F., Carlton, J.T. (Eds.),
In the Wrong Place — Alien Marine Crustaceans: Distribution,
Biology and Impacts Invading Nature, Springer Series, Invasion
Ecol., 63, 301—322. .

Beyrend-Dur, D., Souissi, S., Devreker, D., Winkler, D., Hwang, J.S.,
2009. Life cycle traits of two transatlantic populations of Eur-
ytemora affinis (Copepoda: Calanoida): salinity effects. J.
Plankt. Res. 31 (7), 713—728.

Brooks, J.L., Dodson, S.I., 1965. Predation, body size, and composi-
tion of plankton. The effect of a marine planktivore on lake
plankton illustrates theory of size, competition, and predation.
Sci. New Ser. 150 (3692), 28—35.

Cherevichko, A.V., 2017. Zooplankton of water bodies of seaside
marches of Malozemelskaya Tundra. Biol. Inl. Waters 2, 88—93, (in
Russian).

Colwell, R.R., 2004. Infectious disease and environement: cholera as
a paradigm for waterborne disease. Int Microbiol 7, 285—289.
Demchuk, A., Uspenskiy, A., Golubkov, S., 2017. Feeding patterns of
the abundant coastal fish species in the Eastern Gulf of Finland,
Tallinn, Gulf of Finland Science Days, 16 October. , http://dx.doi.

org/10.13140/RG.2.2.18238.38724.

Devreker, D., Souissi, S., Molinero, J.C., Nkubito, F., 2008. Trade-offs
of the copepod Eurytemora affinis in mega-tidal estuaries.
Insights of high frequency sampling in the Seine estuary. J.
Plankton Res. 30, 1329—1342.

Devreker, D., Souissi, S., Molinero, J.C., Beyrend-Dur, D., Gomez, F.,
Forget-Leray, J., 2010. Tidal and annual variability of the popu-
lation structure of Eurytemora affinis in the middle part of the
Seine estuary during 2005. Estuar. Coast. Shelf. Sci. 89 (4), 245—
255.

Devreker, D., Pierson, J., Souissi, S., Kimmel, D., Roman, M., 2012.
An experimental approach to estimate egg production and devel-
opment rate of the calanoid copepod Eurytemora affinis in
Chesapeake Bay, USA. J. Exp. Mar. Bio. Ecol. 416—417, 72—83.

Dur, G., Souissi, S., Devreker, D., Ginot, V., Schmitt, F.G., Hwang, J.
S., 2009. An individual based model to study the reproduction of
egg bearing copepods: application to Eurytemora affinis (Cope-
poda; Calanoida) from the Seine estuary. Ecol. Model. 8, 1073—
1089.

Fefilova, E.B., 2015. Fauna of the European North-East of Russia.
Copepods (Copepoda), 12. 319 pp., (in Russian).

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vriyenhoek, R., 1994. DNA
primers for amplification of mitochondrial cytochrome c oxidase
subunit | from diverse metazoan invertebrates. Mol. Mar. Biol.
Biotechnol. 3, 294—299.

Gelembiuk, G.W., May, G.E., Lee, C.E., 2006. Phylogeography and
systematics of zebra mussels and related species. Mol. Ecol. 15,
1033—1050.

Golubkov, S.M., 2009. Changes of biological communities in the
eastern Gulf of Finland during the last century. Proc. Zooll. Instit.
RAS 313 (4), 406—418.

Gorokhova, E., Lehtiniemi, M., Motwani, N.H., 2013. Trade-offs
between predation risk and growth benefits in the copepod
Eurytemora affinis with contrasting pigmentation. PLoS ONE 8
(8), €71385.

Graham, J.H., Raz, S., Hel-Or, H., Nevo, E., 2010. Fluctuating
Asymmetry: Methods, Theory, and Applications, Symmetry, 2,
46—540.

Gurney, R., 1931. British Fresh-water Copepoda, vol. 1. Ray Society,
London, 384 pp.

Hall, T.A., 1999. Bioedit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT. Nucleic
Acids Res. 41, 95—98.

Hirche, H.-J., 1992. Egg production of Eurytemora affinis-effect of k-
strategy. Estuar. Coast. Shelf Sci. 35, 395—407.

Hoelzel, A.R., Green, A., 1992. Analysis of population-level variation
by sequencing PCR-amplified DNA. In: Hoelzel, A.R. (Ed.), Molec-
ular Genetic Analysis of Populations: A Practical Approach. Oxford
Univ. Press, New York, 159—188.

Katajisto, T., Kotta, J., Lehtiniemi, M., Malavin, S.A., Panov, V.E.,
2013. Palaemon elegans Rathke, 1837 (Caridea: Palaemonoidea:
Palaemonidae) established in the Gulf of Finland. Biolnvas. Rec. 2
(2), 125—132.

Kimmel, D.G., Miller, W.D., Roman, M.R., 2006. Regional scale
climate forcing of mesozooplankton dynamics in Chesapeake
Bay. Estuar. Coasts 29 (3), 375—387.

Knatz, G., 1978. Succession of copepod species in a middle Atlantic
estuary. Estuaries 1, 68—71.

Knowlton, N., 1993. Sibling species in the sea. Annu. Rev. Ecol. Syst.
24, 189—-216.

Lajus, D., Sukhikh, N., Alekseevy, V., 2015. Cryptic or pseudocryptic:
can morphological methods inform copepod taxonomy? An analy-
sis of publications and a case study of the Eurytemora affinis
species complex. Ecol. Evol. 5 (12), 2374—2385.

Lavrentieva, G.M., Finogenova, N.P., 1999. Hydrobiological charac-
teristics of the Vyborg Gulf, the Bierkesund Strait, the Batareinoy
Bay and the Luga Bay (Eastern part of the Gulf of Finland), The
Gulf of Finland in the conditions of anthropogenic impact, St.
Petersburg, 242 pp., (in Russian).

Lazareva, V.l., Sabitova, R.Z., Sokolova, E.A., 2018. Features of the
structure and distribution of the late summer (august) zooplankton
in the Volga reservoirs. Biol. Inl. Waters 82, 28—51, (in Russian).

Lee, C.E., 2000. Global phylogeography of a cryptic copepod species
complex and reproductive isolation between genetically proxi-
mate populations. Evolution 54, 2014—2027.

Lee, C.E., Remfert, J.L., Chang, Y., 2007. Response to selection and
evolvability of invasive species. Genetica 129 (2), 179—192.
Lehtiniemi, M., Antsulevich, A., Kotta, J., Maximov, A., Ojaveer, H.,
Orlova, M., 2016. Non-indigenous species. In: Raateoja, M.,
Setala, O. (Eds.), Reports of the Finnish Environment Institute.
The Gulf of Finland Assessment. Finnish Environ. Inst., Helsinki,

264—275.

Leppakoski, E., Gollasch, S., Gruszka, P., Ojaveer, H., Olenin, S.,
Panov, V., 2002a. The Baltic — a sea of invaders. Can. J. Fish
Aquat. Sci. 59, 1175—1188.

Leppakoski, E., Olenin, S., Gollasch, S., 2002b. The Baltic Sea — a
field laboratory for invasion biology. In: Leppakoski, E., Gollasch,
S., Olenin, S. (Eds.), Invasive Aquatic Species of Europe — Distri-
bution, Impacts, Management. Dordrecht, The Netherlands,
Kluwer Academic Publ., 253—259.

Librado, P., Rozas, J., 2009. DnaSP v5: A software for comprehensive
analysis of DNA polymorphism data. Bioinformatics 25, 1451—
1452.


http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0020
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0020
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0020
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0025
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0025
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0025
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0030
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0030
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0030
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0030
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0035
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0035
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0035
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0040
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0040
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0040
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0040
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0045
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0045
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0045
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0050
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0050
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0050
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0050
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0050
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0060
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0060
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0060
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0060
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0065
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0065
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0065
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0070
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0070
http://dx.doi.org/10.13140/RG.2.2.18238.38724
http://dx.doi.org/10.13140/RG.2.2.18238.38724
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0085
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0085
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0085
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0085
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0090
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0090
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0090
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0095
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0095
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0095
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0095
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0100
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0100
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0105
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0105
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0105
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0105
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0110
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0110
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0110
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0115
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0115
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0115
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0120
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0120
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0120
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0120
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0125
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0125
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0125
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0130
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0130
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0135
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0135
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0135
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0140
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0140
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0145
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0145
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0145
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0145
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0150
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0150
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0150
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0160
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0160
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0165
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0165
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0170
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0170
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0170
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0170
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0175
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0175
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0175
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0175
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0175
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0180
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0180
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0180
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0185
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0185
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0185
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0190
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0190
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0195
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0195
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0195
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0195
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0200
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0200
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0210
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0210
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0210

238 N. Sukhikh et al./Oceanologia 61 (2019) 227—238

Lloyd, S., Elliott, D., Roman, M., 2013. Egg production by the
copepod, Eurytemora affinis, in Chesapeake Bay turbidity maxi-
mum regions. J. Plankton. Res. 35 (2), 299—-308, http://dx.doi.
org/10.1093/plankt/fbt003.

Makino, W., Tanabe, A.S., 2009. Extreme population genetic differ-
entiation and secondary contact in the freshwater copepod
Acanthodiaptomus pacificus in the Japanese Archipelago. Mol.
Ecol. 18, 3699—3713.

Ogorodnikova, V.A., Volkhonskaya, N.l., 2006. Zooplankton of the
Luga Bay of the Gulf of Finland (background status before the
start of the port facilities operation). Ecological aspects of
hydropower construction on the biota of the water area of the
eastern part of the Gulf of Finland. St. Petersburg, vol. 331(1).
324—-342, (in Russian).

Ojaveer, H., Kotta, J., 2015. Ecosystem impacts of the widespread
non-indigenous species in the Baltic Sea: literature survey evi-
dences major limitations in knowledge. Hydrobiologia 750, 171—
185.

Ostov, I.S., 1971. Characteristic features of the hydrological and
hydrochemical regime of the Gulf of Finland as the basis for its
fishery development, Biol. Commerc. Resources of the Gulf of
Finland. Leningrad 76, 18—45, (in Russian).

Panov, V.E., Bychenkov, D.E., Berezina, N.A., Maximov, A.M., 2003.
Alien species introductions in the eastern Gulf of Finland: current
state and possible management options. Proc. Estonian Acad. Sci.
Biol. Ecol. 52 (3), 254—267.

Parent, G.J., Plourde, G.J., Turgeon, S.J., 2012. Natural hybridiza-
tion between Calanus finmarchicus and C. glacialis (Copepoda) in
the Arctic and Northwest Atlantic. Limnol. Oceanogr. 57, 1057—
1066.

Petrusek, A., Seda, J., Machacek, J., Ruthova, S., Smilauer, P., 2008.
Daphnia hybridization along ecological gradients in pelagic envir-
onments: the potential for the presence of hybrid zones in
plankton. Proc. R. Soc. B. Biol. Sci. 363, 2931—2941.

Piasecki, W., Goodwin, A.E., Eiras, J.C., Nowak, B.F., 2004. Impor-
tance of copepod in freshwater aquaculture. Zool. Stud. 43 (2),
193—-205.

Pierson, J.J., Kimmel, D.G., Roman, M.R., 2016. Temperature
impacts on Eurytemora carolleeae size and vital rates in the
upper Chesapeake Bay in winter. Estuar. Coasts 39 (4), 1122—
1132.

Pollumae, A., Kotta, J., 2007. Factors describing the distribution of
the zooplankton community in the Gulf of Finland in the context
of interactions between native and introduced predatory clado-
cerans. Oceanologia 49 (2), 277—290.

Pollumaea, A., Valjataga, K., 2004. Cercopagis pengoi (Cladocera) in
the Gulf of Finland: environmental variables affecting its distri-
bution and interaction with Bosmina coregoni maritima. Proc.
Estonian Acad. Sci. Biol. Ecol. 53 (4), 276—282.

Pritchard, V.L., Knutson, V.L., Lee, M., Zieba, J., Edmands, S., 2012.
Fitness and morphological outcomes of many generations of
hybridization in the copepod Tigriopus californicus. J. Evol. Biol.
26, 416—433.

Raupach, M.J., Mayer, C., Malyutina, M., Wagele, J.-W., 2009.
Multiple origins of deep-sea Asellota (Crustacea: Isopoda) from
shallow waters revealed by molecular data. Proc R Soc Lond Ser B
276, 799—808.

Ryabova, V.N., Pogrebov, V.B., 1991. Biological seasonality in the
zooplankton of the Gulf of Finland. Hydrobiol. J. 27 (1), 1924,
(in Russian).

Sergeev, V.N., Ryabova, V.N., Belogolovaya, L.A., 1971. Features of
the dynamics and distribution of zooplankton in the eastern part

of the Gulf of Finland in 1969. Izvestiya GosNIORH 123, 52—64, (in
Russian).

Spiridonov, M., Ryabchuk, D., Zhamoida, V., Sergeev, A., Sivkov, V.,
Boldyrev, V., 2011. Geological hazard potential at the baltic sea
and its coastal zone: examples from the Eastern Gulf of Finland
and the Kaliningrad Area. In: Harff, J., Bjorck, S., Hoth, P. (Eds.),
The Baltic Sea Basin. Springer-Verlag, Berlin, Heidelberg, 337—
364.

Sturmbauer, C., Opadiya, G.B., Niederstatter, H., Riedmann, A.,
Dallinger, R., 1999. Mitochondrial DNA reveals cryptic oligochaete
species differing in cadmium resistance. Mol. Biol. Evol. 16, 967—
974.

Sukhikh, N.M., Alekseev, V.R., 2013. Eurytemora caspica sp.nov. from
the Caspian sea — one more new species within the E. affinis
complex (Copepoda: Calanoida). Proc. Zool. Inst. RAS 317 (1),
85—100.

Sukhikh, N.M., Souissi, A., Souissi, S., Alekseev, V.R., 2013. Invasion
of Eurytemora sibling species (Copepoda: Temoridae) from North
Americainto the Baltic Sea and European Atlantic coast estuaries.
J. Nat. Hist. 47 (5—12), 753—767.

Sukhikh, N.M., Castric, V., Polyakova, N.V., Souissi, S., Alekseey, V.R.,
2016a. Isolated Populations of Eurytemora americana Williams
(Crustacea, Copepoda) in the White Sea Rock Pools—Postglacial
Relicts or Anthropogenic Invasion? Rus. J. Biol. Invas. 7 (4), 396—
404.

Sukhikh, N.M., Souissi, A., Souissi, S., Winkler, G., Castric, V., Holl, A.
C., Alekseev, V.R., 2016b. Genetic and morphological heteroge-
neity among populations of Eurytemora affinis (Crustacea: Cope-
poda: Temoridae) in European waters. C.R. Biol. 339, 197—206.

Sukhikh, N.M., Lazareva, V.., Alekseev, V.R., 2018. Eurytemora
caspica Sukhikh et alekseev in the Volga river basin. In: Abstract
Book, All-Russian Scientific Conference: “Volga and its life”. 22—
26 October 2018, Borok, Russia p. 127, (in Russian).

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013.
MEGAG6: molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 30, 2725—-2729.

Taylor, D.J., Hebert, P.D.N., 1993. Habitat-dependent hybrid parent-
age and differential introgression between neighboringly sympat-
ric Daphnia species. Proc. Natl. Acad. Sci. USA 90, 7079—7083,
http://dx.doi.org/10.1073/pnas.90.15.7079.

Thompson, J.D., Higgins, D.J., Gibson, T.J., 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence align-
ments through sequence weighting, position-specific gap penal-
ties and weight matrix choice. Nucleic Acids Res 22, 4673—4680.

Uitto, A., Gorokhova, E., Valipakka, P., 1999. Distribution of the non-
indigenous Cercopagis pengoi in the coastal waters of the eastern
Gulf of Finland. ICES J. Mar. Sci. 56 (Suppl.), 49—57, http://dx.
doi.org/10.1006/jmsc.1999.0613.

Wasmund, N., Augustin, C., Pollehne, F., Siegel, H., Zettler, M., 2013.
Biologische ustandseinschatzung der Ostsee im Jahre 2012. Meer-
eswiss Ber, Warnemiinde, p. 92.

White, T.J., Burns, T., Lee, S., Taylor, J., 1990. Amplification and
direct sequencing of fungal ribosomal RNA genes for phyloge-
netics. In: Innis, M.A., Gelfand, D.H., Shinsky, J.J., White, T.J.
(Eds.), PCR Protocols: A Guide to Methods and Applications. Acad.
Press, San Diego, California, 315—322.

Winkler, G., Souissi, S., Poux, C., Castric, V., 2011. Genetic hetero-
geneity among Eurytemora affinis populations in Western Europe.
Mar. Biol. 158, 1841—1856.

Zakharov, V.M., 1989. Future prospects for population phenoge-
netics. Sov. Sci. Rev. Sect. F: Physiol. Gen. Biol. Rev. 4, 1-79,
(in Russian).


http://dx.doi.org/10.1093/plankt/fbt003
http://dx.doi.org/10.1093/plankt/fbt003
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0225
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0225
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0225
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0225
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0225
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0225
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0230
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0230
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0230
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0230
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0235
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0235
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0235
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0235
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0240
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0240
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0240
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0245
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0245
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0245
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0245
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0250
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0250
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0250
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0255
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0255
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0255
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0260
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0260
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0260
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0260
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0265
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0265
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0265
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0265
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0270
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0270
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0270
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0270
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0275
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0275
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0275
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0280
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0280
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0280
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0285
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0285
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0285
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0290
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0290
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0290
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0290
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0295
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0295
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0295
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0295
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0295
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0300
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0300
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0300
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0305
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0305
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0305
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0305
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0310
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0310
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0310
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0310
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0315
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0315
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0315
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0315
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0315
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0320
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0320
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0320
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0325
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0325
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0325
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0325
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0330
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0330
http://dx.doi.org/10.1073/pnas.90.15.7079
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0340
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0340
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0340
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0340
http://dx.doi.org/10.1006/jmsc.1999.0613
http://dx.doi.org/10.1006/jmsc.1999.0613
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0350
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0350
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0355
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0355
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0355
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0355
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0355
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0360
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0360
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0360
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0365
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0365
http://refhub.elsevier.com/S0078-3234(18)30126-X/sbref0365

Oceanologia (2019) 61, 239—251

journal homepage: www.journals.elsevier.com/oceanologia/

=

Available online at www.sciencedirect.com OCEANOLOGIA

ScienceDirect

57.1)

2015

ORIGINAL RESEARCH ARTICLE

Seasonal variations in the abundance and sinking flux
of biogenic silica in Daya Bay, northern South China

Sea

Xiufeng Zhao, Weifeng Yang *, Haoyang Ma, Junjie Li, Min Chen, Ziming Fang,
Xiao Zhang, Jian Zeng, Yusheng Qiu, Minfang Zheng

State Key Laboratory of Marine Environmental Science and College of Ocean and Earth Sciences, Xiamen University, Xiamen, China

Received 25 August 2018; accepted 14 November 2018

Available online 23 November 2018

KEYWORDS
Biogenic silica;
Dissolved silicate;
Sinking flux;
Thorium;

Daya Bay

Summary Coastal seas account for >50% of the biogenic silica (BSi) production in marine
environments. However, BSi sinking is poorly understood. Here, seasonal variations in the
abundance and sinking flux of BSi were investigated in Daya Bay, in the northern South China
Sea. The highest BSi concentrations occurred in summer, averaging 8.04 + 5.48 pmol L~ (+£5D),
followed by autumn (5.51 + 3.11 pmol L=") and spring (3.76 + 3.06 pmol L~"). The lowest BSi
concentration of 2.93 + 1.34 umol L~" was observed in winter. Based on 2**Th/?38U disequilibria,
the average BSi sinking fluxes were 7.08+8.62, 10.01+13.95, and 8.30
+13.06 mmol Sim~2d~" in spring, summer, and autumn, respectively. The lowest flux of
4.19 + 3.98 mmol Sim~2d~" was measured in winter. Together with nitrogen fluxes, the Si:N
sinking ratios were 0.8:1.0, 1.5:1.0, 1.6:1.0, and 1.4:1.0 in spring, summer, autumn, and winter,
respectively, indicating that particle sinking induces the faster removal of Si compared to N in
Daya Bay.
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1. Introduction

Silicon, a key nutrient element in oceans, is widely absorbed
by plankton such as diatoms, siliceous sponges, radiolaria, and
silicoflagellates (Buzancic et al., 2016; Stramska and Bialo-
grodzka, 2016). After assimilation by organisms, dissolved
silicate (DSi) is transformed into particulate amorphous sili-
con, known as biogenic silica (BSi) (Sospedra et al., 2018).
Knowledge of the production, sinking, and dissolution mechan-
isms of BSi is essential for understanding silicon cycling in the
ocean (Krom et al., 2014; Pastuszak et al., 2008; Yang et al.,
2015). Since the 1990s, a growing number of studies have
attempted to quantify marine biogeochemical mechanisms of
BSi cycling (Nelson et al., 1995; Ragueneau et al., 2000; Yang
et al., 2015) and have elucidated the abundance of BSi in
various oceanic environments (Laruelle et al., 2009; Tréguer
and De La Rocha, 2013; Tréguer et al., 1995). In the open
ocean, BSi dissolution and recycling mainly occur in the
euphotic zone (56%) and at the water-sediment interface
(30%); less than 3% of BSi produced in the upper ocean is
permanently buried in sediments (Tréguer and De La Rocha,
2013). In estuarine and coastal zones, BSi normally accounts
for a small fraction of particulate silica, while lithogenic silica
(LSi) contributes over 90% (Ragueneau et al., 2005). However,
BSi is essential to coastal ecosystems as it dissolves more easily
than LSi and is assimilated by phytoplankton (Loucaide et al.,
2008; Pastuszak et al., 2008; Roubeix et al., 2008). As diatoms
frequently dominate phytoplankton communities in most
coastal seas, these regions represent the most productive
BSi areas. Earlier studies confirmed that coastal BSi accounted
for over half of the total global BSi production (Nelson et al.,
1995; Tréguer and De La Rocha, 2013). Additionally, diatom
debris can increase the sinking efficiency of particulate
organic carbon (POC) in seawater due to its ballast effect
(Guinder et al., 2015; Nelson et al., 1995; Waite et al., 1997).
POC sinking is a critical parameter in evaluating the efficiency
of marine biological pumps. Therefore, BSi sinking would
significantly influence the efficiency of biological pumps in
coastal waters. A detailed investigation on BSi sinking in
coastal seas could both increase the understanding of silicon
cycling in coasts and benefit our evaluation of CO, sequestra-
tion capacity in such environments.

In oceans, BSi sinking is normally estimated using sediment
trapping and/or radionuclide approaches. For example, by
analysing particles collected in sediment traps, Nelson et al.
(1996) and Li et al. (2017) reported sinking fluxes of BSi in the
Ross Sea and the South China Sea (SCS), respectively. Several
studies employed 23*Th, 2'°Po, and 2'°Pb to trace BSi sinking in
the Southern Ocean (Buesseler et al., 2001a; Friedrich and
Rutgers van der Loeff, 2002; Rutgers van der Loeff et al.,
2002). The 24Th/%8U disequilibrium was also employed to
evaluate the effect of decaying cyclonic eddies on BSi export
in the oligotrophic SCS (Yang et al., 2015). Boyd et al. (2000)
combined sediment trapping with the 2>Th/%38U method to
trace BSi and POC export during a phytoplankton bloom in the
polar Southern Ocean, stimulated by iron fertilization. Over-
all, BSi sinking is less studied, especially in coastal waters,
although the above reports revealed the essential role of BSi
in removing silicon and POC from seawater.

As a radionuclide tracer to constrain particle sinking,
B34Th /28U is widely employed to trace POC export from the

upper ocean (Buesseler et al., 1992, 2006; Chen et al., 2003;
Coale and Bruland, 1985). In seawater, 2**Th is formed from
soluble 238U. Due to its strong particle reactivity in seawater,
B34Th is efficiently removed from surface water by particle
scavenging and sinking, resulting in a >“Th deficit with respect
to 238U. The half-life of 23*Th is 24.1 d; therefore, the dis-
equilibrium between 23*Th and 2*8U reflects particle export
over days to months (Yang et al., 2016). In the open ocean,
physical processes are normally neglected when employing
B4Th/2%8 (Le Moigne et al., 2013; Savoye et al., 2006).
Several studies suggested that advection and diffusion terms
contribute less than 10% to the 23*Th flux in the southern SCS
(Cai et al., 2008; Yang et al., 2015). However, these physical
processes significantly affect the 23*Th flux in coastal zones
(Benitez-Nelson et al., 2000). Additionally, the 2**Th flux is
probably subject to significant seasonal variations due to
substantial changes in phytoplankton production in coastal
waters. For instance, the export fluxes of 2*Th and POC
exhibited more significant seasonal variations in the northern
shelf than in the SCS basin (Cai et al., 2015). Although the
B34Th /28U method can theoretically trace coastal BSi export,
its application in coastal seas is rarely reported.

To investigate the abundance of BSi, as well as its sinking
flux in Daya Bay (northern SCS), we performed a four-season
investigation of both BSi and 23“Th/%38U. In this study, our
objectives are: (1) to determine the abundance and seasonal
variation in the BSi concentration, (2) to establish a
234Th /238U method for quantifying the BSi flux in Daya Bay
that considers physical processes, and (3) to estimate the BSi
fluxes in different seasons.

2. Material and methods
2.1. Study area

The semi-enclosed Daya Bay is located in the northern SCS
(Fig. 1). Its area is 600 km? and approximately 60% of the bay
is less than 10 m deep (Wang et al., 2008b). Since no major
rivers discharge into Daya Bay, its seawater mostly originates
from the SCS, which is characterized by its oligotrophic
setting and minimal primary production (Yang et al.,
2015). Consequently, the seawater in Daya Bay also exhibits
low nutrient contents (Zheng et al., 2001), even though
terrestrial nutrient input has increased since 1990 (Wang
et al., 2008b). During the last three decades, especially since
the Daya Bay Nuclear Power Station (DNPS) commenced
operation, mariculture and human population expansion
have significantly changed the environment in Daya Bay.
For instance, the annual mean surface water temperature
and Chl.a concentration increased by 1.1°C and 1.9 mg m~3,
respectively, from 1994 to 2004 compared with the period
from 1983 to 1993 (Yu et al., 2007). Harmful algal blooms
increased significantly (Yu et al., 2007), and both algal and
major zooplankton species decreased (Wang et al., 2008b).
Sediment mass accumulation rates also significantly
increased in different sub-areas in Daya Bay (Wang, 2018;
Yang et al., 2018).

The residence time of seawater in Daya Bay is approxi-
mately 90 d (Wang et al., 2008a). The nutrient and organic
matter contents displayed significant spatio-temporal varia-
tion (Huang et al., 2008; Mou, 2018; Wang et al., 2004).
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Therefore, it is probable that 23Th in Daya Bay is subject to a
large seasonal variation. Physical processes might signifi-
cantly affect the quantification of 23Th flux. The abundance
and flux of BSi may also exhibit seasonal variations, since
primary production displayed seasonal variations in Daya Bay
(Song et al., 2004; Wu and Wang, 2007).

2.2. Sampling

Seawater samples were collected during four seasonal cruises
on-board YUEXIAYU in Daya Bay from 2015 to 2016, i.e.,
spring (March), summer (July), autumn (October), and winter
(December). The station distribution covered all of Daya Bay
(Fig. 1). At most stations, both surface and bottom water
were sampled. For several stations (i.e., S9, S10, S13, S14,
and Z3), water was sampled at three depths. Only surface
water was sampled at very shallow stations (i.e., S3 and S16).
Once collected, 0.2 L of seawater was filtered through poly-
carbonate (PC) membrane with a 47 mm diameter and
0.4 um pore size. The collected particles were washed with
Milli-Q water and stored for BSi analysis. The seawater (0.5—
2.0 L) was filtered through 25 mm diameter 1 wm quartz fibre
(QMA; Whatman) to collect particles and filtrate for parti-
culate and dissolved 2*“Th analysis. Additionally, 1 L of sea-
water was filtered through a PC membrane of 0.4 um pore
size to determine the total suspended particulate matter
(TSM). The seawater temperature and salinity were mea-
sured using a YSI 6600 multi-probe sensor.

2.3. BSi analysis

PC membranes for BSi analysis were dried at 50°C. The double
wet-alkaline digestion method was then adopted to deter-
mine the BSi content (Ragueneau et al., 2005; Yang et al.,
2015). Briefly, particles on PC membranes were digested in
4 mL of 0.2 mol L~" NaOH solution in polyethylene centrifuge
tubes at 100°C for 40 min to convert BSi to Si(OH)4 (Brzezinski
and Nelson, 1989). From each sample, 1 mL of solution was
extracted to determine the silicate content via molybdosi-
licate blue spectrophotometry. The particles were then
rinsed with Milli-Q water to remove leached silicate and
dried. Subsequently, a second leaching, identical to the first,
was performed to quantify the LSi content leached during the
first leaching (Ragueneau et al., 2005). The BSi contents were
calculated based on the two measurements (Yang et al.,
2015).

2.4. 234Th analysis

Particulate 22*Th samples were dried at 50°C for further
analysis. The pre-concentration of dissolved 2**Th (i.e.,
234Th in filtrate) was based on the small-volume MnO, co-
precipitation technique (Benitez-Nelson et al., 2001; Bues-
seler et al., 2001b; Fang et al., 2016). Briefly, the pHof 1.5 L
of filtrate was adjusted to 8.0—8.2 using concentrated
NH;-H,0. Subsequently, 50 pL KMnO, solution (15gL~")
and 20 uL MnCl,-4H,0 solution (100gL~") were added by
stirring to form MnO, particles. After standing for over 6 h,
MnO,-carrying 23*Th was filtered with a QMA membrane
(25 mm diameter) and dried at 50°C. All dried samples were
mounted under a Mylar film layer and two layers of aluminium

foil for counting using a gas-flow proportional low-level RIS@
beta counter (RIS@ GM-25-5A). After 150 d, a second counting
was performed for each sample to remove the contribution
from other beta emitters (Benitez-Nelson et al., 2001). A
counting efficiency of 48.5% was determined using a standard
TC99 instrument (116—118 Bq, DTU Nutech, Denmark), simi-
lar to those (50 + 1%) reported by Cai et al. (2006). Addition-
ally, seawater from the intermediate zone of the SCS was
employed to determine the chemical yield of 2**Th. The
seawater was acidified to pH 1.0 with concentrated HCl
and stored for over 150 d. The 2**Th was then analyzed using
the same procedures as for the samples. The results indicated
an average recovery of 94.7 +2.3% (+SD, n=4). This is
comparable to our recovery in a previous study (95.7
+ 1.0%, n =5) (Ma et al., 2005), which verifies the reliability
of the method. The 23*Th activities presented in this study
were corrected to the sampling time. The 238U activities were
calculated using the relationship between 238U and salinity
(Owens et al., 2011).

2.5. 23*Th flux calculation

In Daya Bay, advection and diffusion probably affect the 23Th
flux calculation. Therefore, a method that considers these
physical processes should be established. The tide in Daya
Bay is irregular semidiurnal, and the meridional rectilinear
current dominates the flow. Meanwhile, the southwest and
northeast monsoons prevail in summer and winter, respec-
tively (Linetal., 2011; Wu et al., 2007). The residual current,
which is affected by the monsoons, is expected to influence
material distribution in Daya Bay. The seasonal variations in
current velocity, based on the simulation of wind fields and
the mean flow field of the northern SCS (Shi et al., 2009),
displayed the trend winter > autumn > spring ~ summer,
which is similar to the wind speed trend. The coastal current
flows nearly eastwards in summer and westwards in winter.
These directions changed to northwest in spring and autumn
(Shi et al., 2009). By combining the residual currents in
summer and winter (Wu et al., 2007) with the seasonal
variations in coastal currents, we estimated the flow fields
over four seasons in Daya Bay. The horizontal velocity varied
minimally with depth (Wu et al., 2007; Zheng et al., 1993)
due to the shallowness (Fig. 1). Thus, velocity attenuation
with depth was neglected in the horizontal advection term.
For the diffusion term, 22“Ra was adopted for calculating the
diffusion coefficient.

The sinking fluxes of 23*Th can be expressed according to
the 22*Th/2%8U disequilibria (Buesseler et al., 1992; Coale and
Bruland, 1985; Cochran et al., 1995):

AT _ 3 Ay—rArmo—, (1)
ot
YT — I hrmpP. @)

where 0Arp/ ot and 0Ar,p/dt represent the changes in dis-
solved and particulate 2**Th with time; Ay, Arnp, and Apppare
the activities of 28U, dissolved and particulate 2*Th, re-
spectively; A is the decay constant of 2*Th (0.0288 d~'); J is
the adsorption rate of dissolved 2*Th onto particles; and P
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Figure 1
summer, while other stations were occupied during all cruises.

denotes the export rate of particulate 2*Th. By including
advection and diffusion terms, the variation in dissolved
234Th with time (Eq. (1)) becomes:

Ao _
at

where V is the Hamiltonian, A is the Laplacian (A = V?), V (a

vector quantity) denotes advection, and D is the eddy diffu-

sivity. Combining Egs. (2) and (3) yields,

0Am

ot = V' VAmp + DAAmp + AAy—2Am—P, (4)

where 0Ar,/ 3t is the change in the total 2>Th with time. For a
steady state (0A7,/ 0t = 0),

P = —V-VAmp + DAA7hp + AMAy—AAth. (5)

—V-VArmp + DAAmp + AAy—AArnp—J, (3)

In the horizontal direction, the advection term is more
important than the diffusion term by a factor of 10. As
upwelling and downwelling are rare in Daya Bay, the vertical
diffusion is included. Then,

oA 9%A
p— 7VH( T”") +D, athD + 2Ay—AAm, (6)

where V4 is the horizontal residual current, Dy is the vertical
eddy diffusivity, 0Ar,p/0H is the horizontal gradient of dis-
solved 23*Th, and 8°Arnp/9Z% is the second derivative of
dissolved 23*Th in the vertical direction. The flux of particu-
late 2**Th out of the water column is

z:h7

h h A 0A
Frn = / 0sz = / . (—VH (#) + AAU—AATh> dz—Dz< a?D>
(7)

where h is the depth of the water column, Fr;, > 0 denotes
the net sinking flux, and F;, < 0 represents the net flux from
sediment resuspension into the seawater (Table 1).

Longitude [°E]

Sampling stations with bathymetry in Daya Bay, northern South China Sea. Stations Z1, Z2, Z3, and S16 were unoccupied in

3. Results
3.1. Hydrological environment

Daya Bay is influenced by the Asian Monsoon, with higher
wind speeds in autumn and winter than in spring and summer
(Shi et al., 2009). In summer, the average temperatures of
the surface and bottom water in Daya Bay were 30.3 + 0.7°C
(+£SD) and 27.5 + 1.6°C, respectively, while the average
salinities were 32.5 +4.6 and 35.7 + 1.4 (Fig. 2), respec-
tively. Temperature and salinity differed significantly
between the surface and bottom waters (t-test,
p < 0.001), suggesting stratification in summer (Fig. 2). In
winter, strong northeast monsoons mixed the seawater. The
average temperatures were 19.3 + 1.3°C and 19.5 + 0.8°C
for surface and bottom waters, respectively, and the average
salinities were 31.0 + 1.5 and 31.7 4 0.4, respectively. As in
winter, the temperature and salinity in spring and autumn
exhibited minimal differences between the surface and bot-
tom waters (t-test, p > 0.05) (Fig. 2). The seasonal seawater
stratification was consistent with the variation in the vertical
stability in Daya Bay, which was highest in summer and lowest
in winter (Han and Ma, 1991).

3.2. BSi abundance

BSi concentrations in Daya Bay were significantly higher than
the 0.01-2.17 umol L' measured in the northern SCS
(Wang, 2012) (t-test, p < 0.001). In spring, BSi concentra-
tions varied from 0.15 t0 9.98 pumol L~" with an average value
of 3.76 £3.06 umol L~ (£SD, n=37). High values were
observed in the bay outlet (>7.19 pmol L~") and Dapengao
in the southwest (>6.57 wmol L™"). In summer, BSi concen-
trations fell to 1.47-23.93umolL™' (avg. 8.04



Table 1

The particulate 2>“Th sinking fluxes, BSi concentration to 23*Thp ratios (BSi/2**Thp), POC concentration to 2*Thp ratios (POC/2**Thp), PN concentration to 2>*Thp ratios

(PN/%*Thp), and sinking fluxes of BSi, POC, and PN in Daya Bay. The SS term is the particulate 2>*Th flux that is calculated without considering physical processes; HT and VT are the
particulate 2**Th fluxes resulting from horizontal advection and vertical diffusion, respectively. POC and PN data are from Mou (2018).

Station Depth Vy D, SS term HATerm VD Term 23*Thp flux  BSi/Z*Th,  POC/?**Thp PN/2*Thp BSi flux POC flux PN flux

[m] [cms™"] [cm?s™'] [dpmm2d"] [wmol dpm~"] [mmolm=2d~"]
Spring
S1 7.0 4.0 1.52 198 +15 160 —62 296 + 15 0.91+0.12 29.0+3.7 8.29+1.06 0.27+0.04 8.6+1.2 2.46 4 0.34
S2 7.5 3.0 2.42 188 +13  —225 —-230 —267+13 3.82+0.52 36.0+49 9.87+1.36 —1.024+0.15 —9.6+1.4 —2.64+0.39
S4 9.0 3.0 2.63 293+17 698 83 1075 +17  1.89+£0.15 25.1+2.0 4.54+0.37 2.04+0.17 27.0+2.2 4.88+0.40
S5 10.5 3.0 2.50 155 +20  —489 475 142 + 20 1.68£0.11 15.04+10.0 3.06 £0.20 0.24+0.04 2.1+0.3 0.43 4+ 0.07
S6 5.5 2.5 2.32 —1114+19 —258 1203 834 + 19 0.09+0.01 10.6+0.7 1.65+0.11 0.08+0.01 8.9+0.6 1.37 £0.10
S7 6.0 2.0 1.71 218 £9 -22 -163 3349 2.39+0.39 46.7+7.6 14.6+2.4 0.08+003 1.6+0.5 0.49 +£0.16
S9 15.0 4.0 3.00 620 +15 1318 123 206215 10.4+1.4 49.0+6.9 9.95+1.39 21.5+3.0 101 + 14 20.5+2.9
510 14.5 6.0 0.91 475+21 —1086  —53 —664+21 13.2+1.7 458459 6.96+0.90 —8.74+1.16 —30.4+4.0 —4.63+0.61
S11 11.5 4.0 3.30 414+18 1312 49 1775 +18  6.77+0.60 20.0+1.8 4.45+0.39 12.0+1.1 35.6+3.2 7.91+0.70
512 8.0 2.0 1.93 279 +13 74 -55 298 + 13 12.0+1.6 60.4+83 9.28+1.27 3.58+0.52 18.0+2.6 2.77+0.40
513 19.0 6.0 0.91 606 +21  —974 —65 —434+21 12.9+1.3 427+43 9.58+0.97 5594062 —185+2.1 —4.16+0.46
S14 200 7.0 1.52 838+20 987 —43 1782 +20 13.4+1.1 38.7+3.2 6.33+0.53 23.9+2.0 69.0+£5.8 11.3+1.0
73 18.5 5.0 0.37 566 22 1190 -22 1734+22  4.13+0.28 17.3+1.2 3.53+0.24 7.16+0.50 30.0+2.1 6.12+0.42
Summer
S1 7.0 4.0 3.32 208 +14 52 135 395 + 14 116 + 44 335+128 67.3+25.8 45.8+17.7 132+ 51 26.6 +10.2
S2 6.0 3.0 0.21 249 £13  —659 288 —122+13  341+56 97.3+16.0 17.7+2.9  —4.154+0.81 —11.94+2.3 —2.15+0.42
S4 8.0 3.0 5.03 291 +18  —435 179 —323+18 40.7+9.5 98.9+23.1 19.1+4.4  —13.24+3.1 —32.0+7.7 —6.17+1.48
S5 11.0 4.0 0.78 509 £31 279 41 829 + 31 9.26 +1.53 93.1+15.4 8.82+1.46 7.68+1.30 77.2+13.1 7.31+1.24
S6 8.0 4.0 6.00 344+21 77 —108 314 + 21 29.7+6.5 132+29 15.59 +3.42 9.33+2.13  41.3+9.4 4.89+1.12
S7 6.5 3.0 7.73 238+22 386 -339 285 + 22 16.6 +2.4 99.0+14.2 18.43+2.64 4.73+0.77 28.2+4.6 5.25+0.85
S8 7.5 6.0 4.55 2444+19  —582 461 122 £ 19 6.11+0.69 21.2+2.4 4.11+046 0.75+0.14 2.6+0.5 0.50 +0.10
510 14.0 7.0 0.15 574-+27 1361 —860 1075 +27 857 +0.98 23.0+2.6 3.17+0.36 9.21+1.08 24.84+2.9  3.41+0.40
512 7.0 3.0 1.30 262+36  —609 -212 —559+36 11.84+2.4 63.9+13.4 8.64+1.81 —6.60+1.44 —357+7.8 —4.83+1.06
513 18.5 6.0 2.72 617 £27 133 —306 443 + 27 1.93+0.12 11.0+0.7 2.06+0.13 0.86+0.07 4.9+0.4 0.91 +0.08
514 19.0 8.0 14.6 782432  —182 —167 433 +32 3.86+0.42 19.8+2.2 3.24+0.35 1.67+0.22 8.6+1.1 1.40 £ 0.18
Autumn
S1 8.5 4.0 2.05 62 +20 —385 —124 —446 +20 4.92+0.48 39.6+3.9 4.52+0.44 —2.19+0.24 -17.7+1.9 —2.02+0.22
S2 7.5 3.0 1.52 70 £ 17 22 17 109 + 17 2.04+0.16 13.84+1.1 2.18+0.18 0.22+0.04 1.5+0.3 0.24 -+ 0.04
S4 9.5 3.0 0.48 —50+26 —649 —145 —843+26 3.61+0.37 21.3+2.2 3.47+0.36 —3.04+0.33 —17.94+1.9 -2.93+0.32
S5 11.5 4.0 3.48 152 +22 333 —301 185 + 22 1.59+0.14 17.1+15 3.60+0.31 0.29+0.04 3.2+0.5 0.66 +0.10
S6 8.0 4.0 3.00 44 +24 1256 108 1409 +24  2.63+0.23 21.4+1.9 2.96+0.26 3.70+0.33 30.1+2.7 4.17 +0.37
S7 7.0 3.0 3.64 96 + 18 570 173 494 + 18 2.89+0.30 16.7+1.7 3.074+0.32 1.43+0.16 8.3+0.9 1.52 +0.17
S9 15.5 4.0 2.57 97 +28 —289 98 —944+28  6.03+0.52 20.4+1.8 5.05+0.43 —0.57+0.18 —1.9+0.6 —0.48+0.15
510 145 7.0 0.34 -22+34 -1180 -3 —1204+34 4.194+0.33 10.5+0.8 1.97+0.16 —5.05+0.43 —12.7+1.1 —2.37+0.20
S11 12.5 4.0 3.00 365-+27 1709 69 2143+27 17.3+2.3 59.0+7.8 5.48+0.73 37.0+4.9 126 + 17 11.74 +1.56
512 8.0 3.0 23.1 188+20 52 —740 -500+20 20.0+3.1 37.7+59 6.28+0.99 —10.0+1.6 —18.9+3.1 —3.14+0.51
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Table 1 (Continued)

29Th, flux  BSi/Z*Th,  POC/Z*Thp PN/Z*Thp BSi flux POC flux PN flux

HATerm VD Term

SS term
[dpm m~—2d~"]

Depth Vy
[m]

19.0

Station

[mmolm~2d~"]

[wmol dpm~"]
7.09 £ 0.91

[cm?s™"]
6.06
9.34
0.30

2.11

[ecms]
6.0
7.0
3.0
5.5

—0.29 +0.11
2.14+0.22

-2.0+0.7
15.7 £ 1.6

—0.63 +0.23
7.13+0.76

3.31+0.42
1.23 +£0.13
2.10 £0.22
1.46 +0.16

22.6 £2.9

—89 +30
1743 + 42

154
84
-9

—639
1340

—873
—198

704 + 30
487 + 42

S13

4.09+0.43 9.0+0.9

2.69 £0.29

19.5

S14
72
73

—1.83 £0.23
—0.06 + 0.04

—11.7+1.5
—0.4+0.3

—2.35+0.29
—0.25+0.18

13.4+1.4

—875 £+ 55
—41 +29

8 +£55

15.0

6.08 £0.66 9.5+1.0

—240

397 +£29

18.5

Winter
S1

—0.16 + 0.04
3.47 +£0.34
1.99 £0.20
4.20 +0.39

-0.7+0.2
13.0£1.3
7.6 +0.8

—0.40 +0.10
5.09 + 0.50

3.64 + 0.46
3.07 +0.30
3.56 +0.33
2.83 +£0.26
2.42 +£0.20

15.4 +£2.0
11.5+£1.1
13.7£1.3
12.1 £ 1.1
17.7 £1.5
10.9 £ 0.9
14.6 £1.9
10.9 £ 0.9
11.4+1.0
11.8 £ 1.1

8.79 £ 1.12
4.50 +£0.44
2.54+0.24
2.90 +0.26
2.29 +£0.19
4.15+£0.34
4.77 +0.63

—45 + 10
1131 £ 12
558 + 24

-36
27

—250
891

241 +10
214 + 12
147 + 24
365 + 14
96 + 19

9.62
7.00

11.0

5.0
4.0

7.0
6.5

S2
S4
S5

1.42 +0.14
4.30 + 0.40

589

—177
1177
—466

123

4.0

9.8

18.0+ 1.7

1484 + 14

—58

0.81
6.67
31.4

4.0

11.5

8.0
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—1.42 +£0.12
6.05 + 0.50
7.59 + 1.01
0.35 + 0.06
0.07 +0.04
0.07 +0.04
3.58 +£0.33

—-10.4+ 0.9
17.8 £1.5
38.7+5.1

—-1.34+0.12
6.78 + 0.56
12.7 £1.7
0.29 + 0.05
0.10 + 0.06
0.16 + 0.09
6.84 + 0.63

—586 + 19

-216
1177
318

3.0
5.0
7.0
5.0

2.5

S6
S9

3.70 +0.30
2.85+0.38
2.15+0.17
2.93 £0.26

335+ 17 1635 + 17

528 + 18

14.5

2659 + 18

1814
140
14

7.89
9.90
6.67
5.97
7.00

14.0
6.

S10

S11

1.8+0.3
0.3+0.2
0.5+0.3

1.82 +£0.15
4.26 +£0.39
4.21 +0.38

161 + 23
23 +13

—293
—230
-329
—182
-314

257

313 +£23

240 + 13
476 + 22

11.8

7.5

S12

1.89 +0.17
1.90 +0.17
2.81 £0.25
2.31+£0.23

38 +22

—108
1358
—504

6.0
8.0
4.0

19.0

S13

18.3 +£1.7

3.62+0.33 9.7+0.9

4.22 +£0.37
3.73+0.38

1887 + 20

711 £ 20
12 +18

19.5
5.5

S14
Z1

—2.26 +0.21
—1.64 +0.17

-10.8 £ 1.0

-8.0+0.9

—3.40 £ 0.31
—2.64+0.28

13.4+1.2
11.3+£1.1

—806 + 18

60

—709 + 24

333+ 24 —1300

1.48

6.0

18.5

Z3

+5.48 pmol L', n = 26). These values were high in the
northern region and decreased towards the outlet
(Fig. 1). In autumn, BSi concentrations varied from
0.71 to 13.43pumolL™" (avg. 5.51 +3.11 wmol L',
n = 38) with high values in Dapengao (>12.74 umol L™").
In winter, BSi concentrations fell to 0.98—8.69 wmol L~"
(avg. 2.39 + 1.34 umol L™, n = 35). The annual mean BSi
was 1.71 + 1.79 umol L' in the Changjiang Estuary and
the adjacent area (Cao et al., 2013). In the upwelling
system off Concepcion, Chile, the annual average BSi
reached 3.15 + 3.59 pmol L™ (Sanchez et al., 2008). In
the Indian sector of the Subantarctic Ocean, BSi was less
than 0.46 pmol L' (Leblanc et al., 2002). In comparison,
the annual mean BSi concentration was 4.92 wmol L™ in
Daya Bay, representing an area of extremely high diatom
production.

Overall, BSi concentrations in Daya Bay did not differ
statistically between the surface and bottom water. The
average BSi concentrations (+SD) in surface waters were
3.58 + 3.28 wmol L™ in spring, 7.83 & 6.47 pmol L' in
summer, 4.38 + 2.85 pmol L~" in autumn, and 2.80
+1.20 pmol L' in winter. In the bottom waters, BSi
concentrations averaged 3.01 + 2.41, 9.20 + 4.50, 6.72
+3.39, and 3.27 + 1.64 umol L' in the four seasons.
Temperature and salinity were also comparable (Fig. 2)
in all the seasons except summer. The hydrological envir-
onments probably affect the vertical BSi distributions.

3.3. 23*Th/?38U disequilibrium

The activity concentrations of the total 2*Th in spring,
summer, autumn, and winter in Daya Bay fell to 0.57—
4.60dpmL~" (avg. 1.23+£0.77dpm L', n=31), 0.46—
2.10dpm L' (avg. 1.17 £0.37dpmL~", n=26), 0.71—
3.74dpmL™" (avg. 1.67 +0.65dpmL~", n=35), and
0.77—6.40dpm L~" (avg. 1.56 +£0.98dpmL~", n=35),
respectively (Table S1). Particulate 2**Th accounted for
49 4 13%, 45 + 20%, 55 + 15%, and 59 + 15% of the total
234Th, respectively. In spring, the average 22*Th/?38U ratio
was 0.56 + 0.37. For most stations, 23*Th was in deficit
with respect to 238U (34Th/2%8U < 1.0), but excess 2**Th
was observed in the northwest (Fig. 2). In summer, the
34Th /238 ratios were below 1.0 except at station S3,
averaging 0.50 + 0.18. In autumn and winter, the average
B4Th/28Y values were 0.80 +0.31 and 0.72 + 0.46,
respectively.

4. Discussion

4.1. Seasonal variations in BSi abundance

BSi concentration is highest in summer and lowest in
winter (t-test, p < 0.001). The highest BSi abundance is
consistent with the highest diatom abundance in summer
in Daya Bay (Sun et al., 2006). BSi concentrations in
autumn are slightly higher than in spring (t-test,
p < 0.05) (Fig. 3). The seasonality of the BSi concentra-
tion in Daya Bay is similar to that observed in the upwel-
ling system off Concepcion, Chile (Sanchez et al., 2008).
The concurrent '“C-derived primary production in the
surface water of Daya Bay followed the pattern sum-
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Figure 2 Seasonal distributions of temperature, salinity, 22Th/238U ratio, and BSi concentration in the surface (S) and bottom (B)

waters in Daya Bay.

mer > spring > autumn > winter (Fig. 3; Mou, 2018). A dino-
flagellate bloom, only appearing in spring in Daya Bay (Wang
et al., 2005), was observed at 54 (Mou, 2018). Excluding the
S4 data, the '“C-derived primary production in spring is
comparable to that in autumn. Therefore, the seasonal
pattern of the BSi concentration appears to be controlled
by the variation in primary production in Daya Bay. A previous
study suggested that diatoms frequently dominate the phy-
toplankton community in Daya Bay (Wang et al., 2006). The
diatom production probably regulates the seasonal abun-
dance of BSi to a large extent in Daya Bay.

The BSi/POC (or Si/C) atomic ratios in particulate matter
also reveal the dominance of diatoms in BSi abundance in
situ. Combining the POC concentrations measured during the
same cruises (Mou, 2018; Mou et al., 2017), the Si/C ratios in
spring, summer, autumn, and winter were 0.01—0.58 (avg.
0.18 +0.16), 0.03—0.42 (avg. 0.27 + 0.11), 0.02—-0.72 (avg.
0.27 £ 0.16), and 0.07—0.57 (avg. 0.30 & 0.09), respectively
(Fig. 4). The surface sediments in Daya Bay had Si/C values of
0.4—2.5 (Wang, 2018). Clearly, most of the Si/C ratios in TSM
are considerably lower than the values for sediments, sug-
gesting that phytoplankton dominates the Si/C of TSM in Daya
Bay. BSi concentrations display a significant positive correla-
tion with Chl.a content in summer, autumn, and winter

(Fig. 5), supporting this view. In spring, there is also a
correlation between BSi and Chl.a after excluding several
data affected by a dinoflagellate bloom (Fig. 5; Mou, 2018).
Previous studies indicated that dinoflagellates only generate
blooms in spring, although the mechanisms are unclear (Sun
et al., 2006; Wang et al., 2005). A local nutrient input
probably induced this bloom event.

Comparisons between our results and reported Si/C values
in other oceanic settings further verify that BSi seasonality in
Daya Bay is dominated by in situ diatom production. The
mean Si/C ratio derived from 27 species under unlimited
silicon was 0.13 (Brzezinski, 1985); notably, the mean Si/C
ratios in Daya Bay are much higher than this value. However,
our results are comparable to the values of 0.30—0.65 mea-
sured in the Antarctic Ocean (Leynaert et al., 1991; Nelson
and Smith, 1986; Nelson et al., 1989; Tréguer et al., 1990).
Therefore, particulate organic matter appears to be extre-
mely siliceous in Daya Bay as in the open Antarctic Ocean
(Shiomoto and Ishii, 1995). The extremely high Si/C ratios are
ascribed to silica-rich diatoms. Although Si/C in diatoms has
not been reported in Daya Bay, the Antarctic Ocean study
may provide evidence. For instance, a high Si/C ratio of
0.61 was also measured in the Weddell-Scotia Sea during
an abundance of Nitzschia spp. (Leynaert et al., 1991;
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Figure 3  Seasonal variations in BSi concentration (box chart)
and primary production (PP, triangle) in Daya Bay. In the diagram,
the horizontal line within the box indicates the median of the
sample. The lower (lower quartile) or upper (upper quartile)
lines of each box denote 25% or 75% of data below the line. The
black dots represent 25% of data above the upper line and below
the lower line. PP data are from Mou (2018).

Tréguer and van Bennekom, 1991). Additionally, BSi contents
per milligramme dry weight particles (i.e., in pmol mg™")
display a maximum average of 2.23 4+ 1.27 pmol mg™’
summer, followed by autumn (1.48 +1.41 pmolmg™'),
spring  (1.26 £ 1.37 pmolmg™"), and winter (0.52
+0.19 pmol mg™"). This seasonality directly confirms that
diatoms provide the highest contribution to suspended par-
ticles in summer. Since BSi has a ballast effect, leading to the
rapid sinking of particulate matter (Guinder et al., 2015;
Nelson et al., 1995; Waite et al., 1997), POC and other
biogenic particulate components could be efficiently
removed from seawater and enter sediment after produc-
tion. Thus, organic matter degradation mostly occurs in
surface sediments in Daya Bay rather than in a water column
as observed in mesopelagic waters (Yang et al., 2009).
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Figure 4 Seasonal variations in Si/C atomic ratios in TSM in
Daya Bay.
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Figure 5 Relationships between BSi concentrations and Chl.a
content in different seasons in Daya Bay. Chl.a data are taken
from Mou (2018).

4.2. High BSi concentrations and low nutrients in
Daya Bay

It is noteworthy that BSi concentrations in Daya Bay are five-
fold higher than in the adjacent northern SCS
(<0.50 pmol L™'; Cao et al., 2012) and the southern SCS
(<0.36 pmol L™'; Yang et al., 2015). The concentrations
are even higher than in the upwelling area in western Luzon
(<1.83 wmol L™"; Liu et al., 2012) and the upwelling system
off Concepcién, Chile (3.15 + 3.59 umol L") (Sanchez et al.,
2008). The seawater in Daya Bay mostly originates from the
SCS. However, several small rivers and maricultures occa-
sionally add nutrients into Daya Bay, which can result in
phytoplankton blooms (Yu et al., 2007), Daya Bay, overall,
does not display higher nutrient concentrations than in SCS
seawater (Zheng et al., 2001). In comparison, both BSi con-
centrations and primary production in Daya Bay are signifi-
cantly higher than in the SCS. This suggests that some
mechanisms might sustain high diatom production in Daya
Bay.

A recent report suggested that the dissolved inorganic
nitrogen (DIN) concentration in Daya Bay is lower than that of
silicate despite an increase in DIN over the past three dec-
ades (Wu et al., 2017). Specifically, DSi is not the limiting
nutrient in Daya Bay. Efficient nitrogen cycling in Daya Bay
might be key to the high diatom production. A laboratory
simulation indicated that rapid organic nitrogen degradation
causes rapid cycling of nitrogen nutrients in Daya Bay (Zheng
etal., 2001). Meanwhile, the mechanisms explaining the high
BSi and low nutrients in Daya Bay remain poorly understood,
this phenomenon reveals that Daya Bay is an area of efficient
BSi production.

4.3. 23Th fluxes

Compared with 23Th/238U values in the northern shelf of the
SCS (Cai et al., 2015), there are more significant deficits in
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234Th in Daya Bay in summer (t-test, p < 0.001); however, no
significant differences were found between the bay and the
shelf in the other three seasons (t-test, p > 0.05). Based on
the disequilibria between 2*Th and 238U, it was estimated
that the horizontal advection terms constitute 47 + 22%, 35
+ 17%, 60 + 28%, and 44 = 27% of particulate 23*Th fluxes in
spring, summer, autumn, and winter, respectively; the ver-
tical diffusion terms constituted 19 £ 22%, 24 + 9%, 19
+ 19%, and 29 =+ 22% of particulate 22*Th fluxes, respectively.
These values are much higher than those in the SCS basin
(<10%) (Cai et al., 2008). Therefore, 2**Th fluxes and 2>*Th-
derived BSi fluxes, including the physical terms, are more
representative than the general 2*Th method.

At most stations, the 23*Th sinking fluxes of particles are
above zero, suggesting an overall net sinking of particles in
Daya Bay. The lowest flux of 487 292 dpmm~2d~" (n=8)
occurred in summer (t-test, p < 0.05), corresponding to the
prevention of particle sinking due to temperature-induced
stratification. During the other three seasons, 23Th exhibited
comparable fluxes, i.e., 1003 + 746 dpmm~2d~" (n=10) in
spring, 1014 + 789 dpm m~2d~" (n = 6) in autumn, and 1064
+ 878 dpm m~2d~" (n=9) in winter (Fig. 6). At several sta-
tions, negative 2>Th fluxes were measured, indicating sedi-
ment resuspension. The negative fluxes mostly appeared at
stations close to land, suggesting that sediment resuspension
may be due to strong hydrodynamic forcing in shallow waters.
The average resuspension fluxes of 23*Th appear similar in
different seasons, averaging 455 + 163 (n=3), 335+ 179
(n=3),512 £ 403 (n = 8), and 537 + 294 (n = 4) dpm m 2 d~"
for spring, summer, autumn, and winter, respectively (Fig. 6).

4.4, BSi fluxes

The sinking fluxes of biogenic components (BSi, POC, and PN)
were calculated based on the 23*Th flux and the ratio of
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component X to the 2*Th activity on TSM (i.e., X/Thp) in
bottom waters:

Fx :FThX(%P)v (8)
where Fy is the flux of biogenic particulate components.

For all seasons, the sinking fluxes of BSi varied from 0.08
+0.01 to 45.84 + 17.66 mmol Sim~2d~" (Fig. 6), covering a
large range. The lowest BSi flux of 4.19
+3.98 mmol Sim=2d~" occurred in winter, corresponding
to its lowest primary production and abundance. In other
seasons, the BSi fluxes appeared comparable, with values of
7.08 + 8.62 mmol Sim2d~" in spring, 10.01
+13.95mmol Sim=2d~’ in summer, and 8.30
+13.06 mmol Sim~2d~" in autumn (Fig. 6). Our results
are comparable to the burial flux of BSi, which varied from
0.27 mmol Sim~2d~" to 19.2 mmol Si m~2d~" in the surface
sediments in Daya Bay (Wang, 2018). Although summer
exhibited the highest BSi concentrations (Fig. 3), the BSi
flux did not differ statistically from that from spring to
autumn (Fig. 6), which is probably due to the rapid BSi
dissolution in summer that is induced by high temperature
and stratification. The resuspension fluxes of BSi in spring,
summer, autumn, and winter were 5.12 4+ 3.17, 7.97 + 3.80,
3.01 +3.03, and 1.95 + 1.16 mmol Sim~2d ™", respectively
(Fig. 6).

To date, few studies have reported BSi export in marine
environments. In the northern SCS, the sinking flux of BSi that
was estimated with a sediment trap at 500 m averaged 0.20
+0.09 mmol Sim~2d~" (Dong et al., 2016). In the southern
SCS, BSi fluxes out of the euphotic zone were 0.18 4+ 0.15 and
0.40 + 0.20 mmol Sim~2d~" inside and outside a decaying
cyclonic eddy, respectively (Yang et al., 2015). Clearly, BSi
fluxes in Daya Bay were much higher than in the open SCS,
indicating that Daya Bay is an efficient BSi burial site. In the
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based on the POC and PN data measured during the same cruises (Mou et al., 2017; Mou, 2018).
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Southern Ocean, one of the highest BSi production regions,
BSi export fluxes out of the upper ocean varied from 2.4 to
32.4 mmol Si m~2d~" with an average of 20.4 mmolm~2d™"
(Friedrich and Rutgers van der Loeff, 2002), exceeding the
values in Daya Bay. These results reveal an extremely large
variation in BSi export in worldwide marine environments.
Therefore, the global quantification of BSi export requires
extensive studies in different marine environments.

Our established 2“Th method allows us to estimate the
sinking fluxes of POC and PN in TSM similarly to the estimation
of BSi flux. Using the data from our cruises (Mou, 2018; Mou
et al., 2017), the sinking fluxes of POC averaged 30.2
+ 30.4 mmol C m~2d~" in spring, 40.0 + 41.6 mmolC m~2d™"
in summer, and 30.9 + 43.8 mmol C m~2d~" in autumn (Fig. 6).
While winter exhibited the lowest value of 12.9
+ 11.6 mmolC m~2d~". The fluxes of PN in spring, summer,
autumn, and winter, averaged 5.82 + 5.91, 6.28 4+ 7.98, 3.41
+3.93, and 3.04+2.53mmolNm2d~", respectively
(Fig. 6). Therefore, the average C:Si:N ratio during sinking
was estimated as 5.1:0.8:1.0 in spring, indicating the preferen-
tial removal of nitrogen. However, the ratios in the other three
seasons, i.e., 6.7:1.5:1.0 in summer, 7.0:1.6:1.0 in autumn, and
4.5:1.4:1.0 in winter, suggested that Si was more efficiently
removed than nitrogen from seawater into sediment. Further-
more, BSi is more refractory than particulate organic nitrogen
(Pastuszak et al., 2003; Zheng et al., 2001). Thus, particle sinking
in Daya Bay appears to decrease the Si:N ratio in seawater. Since
the 1980s, the Si:N ratio in seawater has decreased in Daya Bay,
which is attributed to the local use of fertilizer (Qiu, 2001; Wei,
2005). A series of studies also confirmed that land-derived
nutrients, including DSi and inorganic nitrogen, and BSi regen-
eration in the estuarine regions, significantly influence the Si:N
ratio in seawater in the Baltic Sea (Conley et al., 2008; Danielsson
et al., 2008; Humborg et al., 2006; Pastuszak et al., 2003, 2008).
Our results provide another mechanism by which the nutrient
structure is influenced in some coastal seas (Agirbas et al., 2017;
Yucel, 2018), although the role of particle sinking in regulating
the Si:N ratio requires further investigation. Studies in the Baltic
Sea suggested that the long-term decreases in DSi and DSi:DIN
(Danielsson et al., 2008) are linked to eutrophication (Conley
et al., 2008) as well as the hydrologically generated input
decrease (Humborg et al., 2006). Eutrophication may enhance
the transformation of DSi to BSi, causing more BSi to sink into
sediments, which would require a much longer time than nitro-
gen and phosphorus to return into seawater (Pastuszak et al.,
2003).

5. Conclusions

Seasonal variations in the abundance and sinking flux of BSi
were investigated in Daya Bay. BSi concentrations were much
higher in summer than in other seasons. The lowest BSi
concentration was in winter. The seasonal variation in BSi
abundance was similar to the temporal trend of primary
production, and correlated with the dominance of diatoms
in the phytoplankton community. Advection and diffusion
significantly affect the 2**Th/28U method of tracing parti-
culate sinking in Daya Bay. Based on our 23Th/234U method
considering physical terms, the BSi sinking fluxes displayed
seasonal variations, with the lowest values in winter and
similar fluxes in other seasons. Simultaneously, sediment

resuspension in very shallow waters was found in Daya Bay.
Overall, these results suggested that Daya Bay is effective in
burying BSi compared to particulate nitrogen, indicating the
preferential removal of silicon over nitrogen. This result
provides a feasible mechanism for interpreting the long-term
decrease in the Si:N ratio in seawater in Daya Bay.
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KEYWORDS Summary  Studying hydrodynamic processes is necessary for understanding the sediment erosion—
Hydrodynamics; deposition mechanism in mangrove areas. The hydrodynamic effects within the mangrove area of the
Suspended sediment Dong Tranh Estuary in the Can Gio Mangrove Biosphere Reserve in Ho Chi Minh City (HCMC), Vietnam
concentrations (SSCs); are very complicated and are caused by the mixed impacts of waves, tides, currents and suspended
Erosion; sediment concentrations (SSCs). In this study, the measurements of hydrodynamics such as waves,
Mangrove forests; currents and SSCs were conducted in the dry (Feb. 2012) and wet (Jun. 2014) seasons. Three stations
Can Gio Mangrove were set up within the estuary, mud-flat and mangrove forest. The analysed results showed that the
Biosphere Reserve hydrodynamics in all three stations were strongly influenced during the first dry monsoon season and

the next wet one. The waves were the main factor during the dry season and contributed more SSC
turbulence in the mud-flat, potentially causing erosion at the study site. Meanwhile, the current
velocities in both the estuary and mud-flat sites were major factors during the wet season. In the
mangrove forest, the SSC during the dry season changed due to the tidal cycle. Additionally, two
measurements for the change in the topographies and shorelines were conducted from 2014 to
2017. The results show that the study site has been eroding rapidly (0.61 m month~"). Although this
study shows a soil retention role for the mangrove forests, the wave energy dissipation occurs mainly
within the mud-flat due to the bottom topography. The study site is proven to be eroding.
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1. Introduction

Mangrove forests occupy the entire intertidal zone along the
tropical and subtropical coastlines, which play an important
role in reducing coastal erosion. Mangroves often protect
coastlines due to their ability to dissipate wave energy (Cao
et al., 2016; Horstman et al., 2014; Massel et al., 1999;
Parvathy and Bhaskaran, 2017; Vo-Luong and Massel, 2006).
Many species of mangroves also have extensive cable root
systems that assist in binding the sediment particles. In this
way, mangrove-covered shorelines are less likely to erode or
will erode more slowly than unvegetated shorelines during
periods of high wave energy (Saenger, 2002). In addition, salt
marshes or mangrove forest have value for coastal hazard
mitigation and climate change adaptation with three specific
ecosystem services: wave attenuation, shoreline stabilisa-
tion, and floodwater attenuation (Shepard et al., 2011).

There are various studies about the hydrodynamic processes
in mangrove forests. Wolanski (1995) presented the principles
of the processes that directly impact the sediment transport in
mangrove forests, and, later, Furukawa and Wolanski (1996)
described the structure, distribution and settling velocity of the
agglutinate sediment. Bryce et al. (2003) studied the hydro-
dynamic and geomorphological controls on suspended sediment
transport in mangrove creek systems with a case study in Cocoa
Creek, Townsville, Australia. Capo et al. (2006) measured and
analysed the surface sediment as well as the suspended sedi-
ment concentrations (SSCs) in the mangrove forest in Konkoure
Estuary, Guine. Recently, from practical surveys and the appli-
cation of two numerical models, FVCOM and ESSed, Li et al.
(2014) showed the effects of the mangrove forests and inter-
tidal areas on the dynamics of suspended sediment in the
Darwin seaport, Australia.

In Vietnam, which has 270,000 hectares of mangrove forests
(FAO, 2015), many hydrodynamic studies have been done.
Mazda et al. (1997, 2006) showed that the mangrove forests
can attenuate the wave energy in the Tong King Delta. Van
Santen et al. (2007) studied a mangrove system in the Ba Lat
Estuary of the Red River in the dry season (Feb./Mar. 2000) and
in the wet season (Jul./Aug. 2000). The study demonstrated
that the bare mud bank of an estuary is highly dynamic until the
mangroves cover it. Although the sediment delivery to the
vegetated zones is low, the protective effect of the vegetation
against erosion by the waves and currents is high. Bao (2011)
studied at two coastal mangrove forest areas in Vietnam,
including the Red River Delta and Can Gio mangrove forests,
and showed that the wave height decays exponentially with the
distance from the mangrove front. Norris et al. (2017) exam-
ined the role of pneumatophores as a spatial control on the
dissipation of the turbulent kinetic energy in the southern edge
of Cu Lao Dung in the Mekong Delta. The turbulent dissipation
reaches its maximum at the forest fringe, where pneumato-
phore densities are the highest. The dissipation depends on the
tides, wave heights and water depths. High turbulent energy at
the forest fringe may suspend fine sediments that can be
redistributed elsewhere in the forest.

Can Gio was designated as the first Mangrove Biosphere
Reserve in Vietnam under the Man and the Biosphere Pro-
gramme of UNESCO in 2000 (Vo Quoc and Kuenzer, 2012). Can
Gio is an ideal scientific research area. Mazda et al. (2002)
determined the erosion mechanism of the coast of Long Hoa

village. The first necessary condition is that the strong tidal
flows move the bottom sediments along the coast of Long Hoa
alongside the river mouths. The second condition is that the
changes in the mangrove vegetation density due to human
intervention have prevented the amplitude of the tidal flows
from becoming steady. Therefore, the erosion is due to the
tidal forces and not due to the wave action. Vo-Luong and
Massel (2006, 2008) measured and studied the Nang Hai Creek
at Dong Tranh Estuary for two years (2004 and 2005), mainly
during the dry season. The results prove that the effect of the
wave breaking plays an important role on the wave attenua-
tion in a sparse forest. Waves are one of the primary factors
that influence the sediment transport and cause coastal ero-
sion, even though the wave fields are rather weak. However,
the results are estimated and analysed only during the North
East monsoon. Vo Luong (2012) used a “tracer stick” method
and “coloured sample” method to measure the erosion and
deposition of the surface sediment in Nang Hai Creek. The
results showed that there is a clear occurrence of erosion—
deposition processes, and the erosion process is dominant. In
addition, the author applied a one-dimensional model to
calculate the vertical SSCs. The results showed that SSCs at
the bottom are much higher than those at the surface. The
results also prove that SSCs depend on the wave intensity and
tidal current velocity, thus concluding that the mangrove
vegetation can encourage the deposition of sediment and
protect the coastland from high waves and storms. Bay
et al. (2012) suggested a mathematical model to simulate
the sediment transport affected by the tides and winds in
which the numerical results showed a trend of sediment
accretion-erosion and concurred with the satellite observa-
tions. However, it isimportant to note that the model does not
mention the mangrove forests and only simulates the sedi-
ment transport on the coastal zone of Can Gio. Vinh and
Truong (2012) carried out a field investigation, GIS and numer-
ical modelling (MIKE 21) to determine and analyse the erosion
mechanism in the Nga Bay River and found that the actual
erosion rate is approximately 10 m year—". The main factors
found were currents, waves and ship-generated waves. How-
ever, the authors only studied the erosion mechanism in the
riverbanks and river mouth. Recently, Schwarzer et al. (2016)
studied the sediment dynamics in a mangrove forest on time-
scales from the spring-neap tidal cycles to the seasonal cycles
(dry season versus wet season) to investigate the inter-tidal
sediments forming the forest soil and the suspended matter
dynamics in a creek that floods and discharges in the man-
grove forest. The study was conducted in the Khe Nhan Creek,
Rach Oc Creek and Nang Hai Creek in the Dong Tranh River.

Those studies showed that the mangrove forests in Can Gio
are faced with high risks of erosion, especially in the Dong
Tranh River and Nga Bay River Mouth. Hence, it is necessary to
increase the research relevant to the dynamic factors for the
coastal stabilisation and erosion mechanisms in mangrove
forests.

Therefore, the aims of this study are to evaluate and
explain the main hydrodynamics impact on erosion and
deposition processes in mangrove areas. The measured and
observed data of the hydrodynamics in mangrove areas, such
as waves, currents, tides and SSCs, have been worked out in
the Nang Hai site at Can Gio (HCMC) in the dry season (Feb.
2012) and the wet season (Jun. 2014). Furthermore, the study
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measures and analyses the changes in the measured shorelines
and topographies at the study site from 2014 to 2017.

2. Data collection
2.1. Study site

The field experiments for this study were done in the man-
grove region in the Dong Tranh River (Fig. 1a). This region is a
branch of the Saigon-Dong Nai River located in the HCMC,
Vietnam (Hong and San, 1993). The study site was located
between the Capes Ly Nhon and Long Hoa side of the estuary;
therefore, it was less affected by the strong wind-induced
waves (Vo-Luong and Massel, 2006). The tidal regime in Can
Gio is an irregular semi-diurnal regime with an average tidal

amplitude from 2 m (mean tide) to 4 m (spring tides) (Vo
Quoc and Kuenzer, 2012).

The Nang Hai mangrove area was chosen as the study
site and equipped with three stations: STO in the
estuary (Fig. 1c¢), ST1 in the mud-flat and ST2 in the mangrove
forest (Fig. 1b). Station ST1 and ST2 are approximately
2000 m apart from STO. Station ST1 is approximately 30 m
from ST2. The positions of the three stations were:

- Station in the estuary (STO): 10°22'46.38"N;
106°51'57.12"E,
- Station in the mud-flat (ST1): 10°23'27.18"N;

106°52'48.12"E,

- Station in the mangrove forest (ST2): 10°23'27.43"N;
106°52'49.31"E.
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Figure 1

Location of the experimental area: (a) Vietnam and Can Gio Mangrove Biosphere Reserve, HCMC, Vietnam; (b) Nang Hai

study site; (c) station STO in the estuary and (d) the measured cross-shore profile and measured longshore transect.
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Table 1 The physical settings of the instruments at the
study site.
Instruments Measured factors  Physical settings
Valeport MIDAS  Water level Sampling rate [Hz]: 4
DWR 27110
Current Interval [mins]: 30
Valeport MIDAS  Turbidity [mV] No. of samples: 2048
DWR 27111
Wave
AEM-213D Current Interval [mins]: 60
No. of samples: 4800
INFINITY-Turbi Turbidity [FTU] Interval [mins]: 60
ATU75W2 No. of samples: 4800
INFINITY-WH Wave Interval [mins]: 30

No. of samples: 4800

The field experiments were conducted during the dry
season (Feb. 2012) and wet season (Jun. 2014), and every
field campaign completed lasted for seven days. The primary
measured factors were the water level depths, current
velocities, wave heights and SSCs (from turbidity measure-
ments). Additionally, the changes in the shorelines and topo-
graphies were measured from 2014 to 2017 (Fig. 1d).

2.2. Methods

2.2.1. Hydrodynamics

The measurements of the hydrodynamic factors were
obtained by using various types of instruments: Valeport
MIDAS DWR, AEM-213D, AEM-USB, INFINITY-Turbi ATU75W2
and INFINITY-WH (Table 1). The Valeport MIDAS DWR was
fitted with sensors to measure the water level depths, cur-
rent velocities, wave heights and SSCs (from turbidity mea-
surements) (Fig. 2a). The instruments AEM-213D, INFINITY-

(a) Valeport at station ST1

§ (b) AEM, INFINITI Turbi an

255

Turbi ATU75W2 and INFINITY-WH had sensors levelled at 5 cm
above the bottom bed (Fig. 2b). Table 2 shows the positions of
the instruments at the study site in the dry and wet seasons.

2.2.2. Suspended sediment concentrations

To measure SSCs, the instruments required calibration. In the
field experiments, the units of concentration in the instru-
ments are mV (for Valeport MIDAS DWR) or FTU (for INFINITY-
Turbi ATU75W2) (Fig. 2a and b). To convert the FTU/mV
values into real concentrations, the water samples were
required for calibration. The water samples were taken every
30—60 min within 24 h at all three stations. Then, the water
samples were analysed in the laboratory (Fig. 2c).

2.2.3. Topography and shoreline changes
To analyse the changes of the topography and shoreline, data
was collected in two ways (Fig. 1d):

- Longshore changes: the shoreline is considered to be the
boundary between the mangroves and the mud-flat. The
length of the measured boundary was 200 m (Fig. 1d). By
using the GPS map 76CSx, data was collected along the
mangrove boundary from 2014 to 2017. In total, four
analyses were recorded on 20th Jan. 2014, 4th Feb.
2015, 17th Dec. 2016 and 25th May 2017. The data was
processed by the DSAS tool (Digital Shoreline Analysis
System) in ArcGlIS 10.3.

- Cross-shore changes: the measured profile extended from
the mangrove forests to the mud-flat and passed through the
boundary. The measured length of the profile was approxi-
mately 120—140 m from the mangrove to the mud-flat in
intervals of 1—2 m. Three referenced points were set up at
the boundary, the mud-flat and the mangrove. The refer-
enced point at the boundary was called the “zero point”. The
distance from the zero point to the mangrove is approximate-
ly 20—40 m. The distance from the zero point to the mud-flat
is approximately 100 m. The SOKKIA level instrument was
used eight times to measure on the dates: 20th Jan. 2014,
25th Jun. 2014, 26th Nov. 2014, 4th Feb. 2015, 19th Oct.

d INFINITI WH
at stationggl

DO® ¢
o909
OO0O™

(c) Water sample filtration
in the laboratory

Figure 2 Measuring at the study site (a, b) and the water sample filtration in the laboratory (c).
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Table 2 Observed time and positions of the instruments.

Stations The dry season (Feb. 6th—13th, 2012) The wet season (Jun. 20th—26th, 2014)
STO Valeport MIDAS DWR 27110 (Feb. 6th—9th, 2012) Valeport MIDAS DWR 27111
ST1 Valeport MIDAS DWR 27111 - Valeport MIDAS DWR 27110
- AEM-213D
ST2 Valeport MIDAS DWR 27110 (Feb. 9th—13th, 2012) - AEM-USB
- INFINITY-Turbi ATU75W2
- INFINITY-WH

2015, 12th Jan. 2016, 18th Dec. 2016 and 25th May
2017. There were seven phases as follows:
o The first phase (20th Jan. 2014—25th Jun. 2014): domi-
nant dry season,
o The second phase (25th Jun. 2014—26th Nov. 2014):
dominant wet season,
o The third phase (26th Nov. 2014—4th Feb. 2015): dry
season,
o The fourth phase (4th Feb. 2015—19th Oct. 2015):
dominant wet season,
o The fifth phase (19th Oct. 2015—12th Jan. 2016): domi-
nant dry season,
o The sixth phase (12th Jan. 2016—18th Dec. 2016): both
seasons,
o The seventh phase (Dec. 2016—25th May 2017): domi-
nant dry season.

2.3. Calibration results

From the data analysed in the laboratory and the field
experiments, there were a total of five results for the
correlation between the analysed SSCs and the recorded
output from the instrument sensors (D&A Ins Co., 2004).
Fig. 3 is an example for the calibration result at station
STO in the estuary. All results show that the value of R-
squared is between 63% and 91%. The calibration results
are highly reliable. The regression equations of every station
are as follows:
In the dry season (Feb. 2012):

0.6 =
y =0.0003x - 0.0098

R?=0.67 N
0.5 - *
*

0.4

0.3

SSC [kg m~]

0.2+

0.1

0 T T T 1
0 400 800 1200 1600
Turbidity [mV]

Figure 3 An example of the calibration results of Valeport
MIDAS DWR at station STO in the estuary.

- STO and ST2: y = 0.0074x + 0.0069; R* = 0.90
- ST1: y=0.0003x + 0.0174; R? = 0.91

In the wet season (Jun. 2014):

- STO: y = 0.0003x — 0.0098; R*=0.67
- ST1: y = 0.0025x + 0.0509; R? = 0.73
- ST2: y=0.0001x; R? = 0.63
where y: SSC — [kg m~3], x: record output — [mV] or [FTU].

3. Results
3.1. In the estuary

In the estuary (STO), the tidal ranges during both seasons were
found to be approximately the same (3.30 m in the dry season
(Fig. 4a) and 3.20 m in the wet season (Fig. 4d)), while the
current velocity data showed minor changes and a small
variance between the seasons (0.19 ms~" in the dry season
(Fig. 4b) and 0.15 m s~ in the wet season (Fig. 4e)). However,
the significant wave heights in the dry season (Fig. 4c) were
much higher than the ones in the wet season (Fig. 4f), as they
were recorded to reach up to 0.55 min the dry season but only
approximately 0.24 m in the wet season. Consequently, the
average SSCs in the dry season (0.15 kg m—> — Fig. 4a) were
higher than in the wet season (0.10 kg m—3 — Fig. 4d).

The results show that during the dry season, the SSCs were
affected by the water level fluctuations, current velocities and
significant wave heights (Fig. 4a—c). On the two first tidal days,
the waves were weak (Fig. 4c) but the current velocities
(Fig. 4b) and the SSCs (Fig. 4a) were high. Especially during
the third tidal day, the SSC reached its highest values because
the significant wave heights and the current velocities values
reached their recorded peaks. Therefore, the waves had a
strong impact on the variability of SSCs at station STO during the
dry season. In contrast, during the wet season, the relationship
between SSCs and waves was weaker than the relationship
between SSCs and current velocities. With the increase of the
current velocities, the SSCs also increased; hence, in the wet
season, SSCs are mainly controlled by the currents. In general,
any changes in the hydrodynamics will have a direct influence
on SSCs in both the dry and wet seasons.

3.2. In the mud-flat

In the mud-flat (ST1), the results show that the water levels in
the dry season (Fig. 5a) are higher than the ones in the wet
season (Fig. 5d). The maximum water level was 2.26 m in the
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Figure 4 Water depths, SSCs, current velocities, and significant wave heights (Hs) in the estuary (ST0) in the dry season (a—c) and in

the wet season (d—f).

dry season and 1.68 m in the wet season. However, the current
velocities in both seasons were low, recording only 0.12 m s~
as its maximum. The results show that the flood current
velocities were higher than the ebb current velocities. Tidal
asymmetry occurred mainly during the dry season and was not
obvious in the wet season (Fig. 5b and e). The significant wave
heights in the dry season were approximately 0.11 m on
average (Fig. 5c), which were much higher than the ones in
the wet season (only 0.04 m on average (Fig. 5f)). The low
water depth during the wet season can be considered as one of
the main reasons for the small wave heights due to the wave
energy dissipation. In addition, the significant wave heights in
the wet season were not high in the estuary; hence, the
significant wave heights in the mud-flat were not high.

The relationship between the current velocities and sig-
nificant wave heights was complicated. In the dry season, on
the two first tidal days (10:30 AM 6th Feb. 2012—10:00 AM 8th
Feb. 2012), the significant wave heights were not high
(approximately 0.07 m on average — Fig. 5c) whereas on
the other tidal days (10:30 AM 8th Feb. 2012—7:00 AM 12th
Feb. 2012), the significant wave heights were higher (approxi-
mately 0.15 m on average — Fig. 5¢). Meanwhile, the current
velocities were similar during the time measured (Fig. 5b).
However, the peak of the wave and the peak of the current

velocity occurred at the same time (Fig. 5b and c). Within the
wet season, on the fifth tidal day (09:00 PM 24th Jun. 2014—
12:00 PM 25th Jun. 2014), the significant wave heights were
weak (Fig. 5f) but the current velocities were strong (Fig. 5e).
The current velocities were similar during the time measured
and higher at the flood tide. This proves that the current
velocities were affected strongly by the tides.

Fig. 5a and d shows that the SSCs in the dry and wet
seasons were similar (approximately 0.11 kg m~> on average),
but the fluctuation of SSCs in the dry season was stronger
than the one in the wet season. In particular, at 01:00 AM 10th
Feb. 2012, the peak SSC in the dry season reached
0.59 kg m~3, and the peak SSC coincided with the maximum
current velocity and high significant wave height (Fig. 5a).
However, the anomalous value was quite different from the
surrounding values.

In the dry season, the significant wave heights can reach
up to 0.36 m (Fig. 5¢). Under strong waves, from 8th Feb.
2012 to 12th Feb. 2012, the average SSC was 0.13 kg m—3,
while under weak waves, from 6th Feb. 2012 to 7th Feb.
2012, the average SSC was 0.06 kg m~3 (Fig. 5a and c). It can
be shown that the SSCs during the high waves are more than
twice as high as the SSCs during the small waves, which is
similar to the results in the wet season. It can be explained
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Figure 5 Water depths, SSCs, current velocities, and significant wave heights (Hs) in the mud flat (ST1) in the dry season (a—c) and

the wet season (d—f).

that the high waves can pump up the suspended matters from
the bottom and cause a higher turbulence.

The amount of SSC input or output to the mud-flat during
the tidal cycles are different in both the dry and wet seasons.
The deposition trend will occur when the SSCs during the
flood tide are higher than during the ebb tide. In the opposite
case, an erosion trend will occur. Fig. 5a shows that, in the
dry season, the deposition trend was higher than the erosion
trend. However, the deposition and erosion trends in the wet
season were not clear (Fig. 5d). This may be due to the
hydrodynamics of the waves and currents in the dry season
being stronger than the ones in the wet season. In general,
the deposition trend could be considered to be the main
trend in the mud-flat for both seasons. The current velocity
could be the main factor controlling the SSC distribution.

3.3. In the mangrove forest

Fig. 6 shows the bathymetry from the mud-flat to the man-
grove forest on 25th Jun. 2014. There was a large difference
(approximately 1.2 m) between the mud-flat station ST1 and
the mangrove forest station ST2, hence the water levels in the

mangrove forest (ST2) were found to be low. The highest
water level reached approximately 0.93 m in the dry season
(Fig. 7a) and only 0.27 m in the wet season (Fig. 7d). Because
the water level depths in the wet season were too low, the
significant wave heights and the current velocities were small;
hence, the impact of the hydrodynamics on SSCs could not be
shown effectively (Fig. 7d—f). Therefore, only the hydrody-
namics in the dry season can be considered in this section.

In the dry season, the significant wave heights and current
velocities were also low. The maximum current velocity was
found to be approximately 0.07ms~" (Fig. 7b) and the
maximum significant wave height was approximately
0.36 m (Fig. 7c). The peak current velocities almost occurred
at high slack water.

In the mangrove forest, the current velocities during the
flood tide were higher than the ones during the ebb tide
(Fig. 7b). Consequently, the average SSCs during the flood
tide were higher than during the ebb tide (Fig. 7a). The SSCs
changed in accordance with the current velocities. It proves
that the current velocity played a more dominant role on the
SSCs within the mangroves (ST2), especially when the water
levels were low enough.
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Table 3 Calculated suspended sediment rate Q during the
flood tides, ebb tides and total Q on one tidal day.

Cases Station ST2 — in the
mangrove forest
Qlkgm s "] Qfto0d Qebb Qrol
Case I: strong waves
(Hs average =0.24m) +22x 103 —6x103 +16 x 1073
Case Il: weak waves
(Hs average =0.14m) +12x 102 —4x 103 +8x 1073
Note: “+”: the seaward of Q, “—”: the landward of Q.

To illustrate the role of the mangrove forest in the accu-
mulation during the dry season, the sediment transport rate
Q (the suspended sediment transport per unit width) during
the incoming tides and outgoing tides in one tidal period was
calculated in Eq. (1) (Mehta and Li, 2003).

h
Q= [ Uwi(2)C(2)dz, M
[

in which C(z) is the vertical variation of the SSCs. U,(z) is the
total velocities in the water column due to the tidal currents
and wave-induced velocity in Eq. (2).

Utol = Utide + Uwave- (2)

It is found that the tidal currents are positive on the flood
tide and negative on the ebb tide. Therefore, the value of the
vertical sediment transport rate Q at the observed point will
be positive for the tidal flow to the forest and negative for the
tidal ebb to the ocean.

For practical applications, Uy (z) could be used as the
mean total velocity due to the tides and waves. Because the
water level depths in the mangrove were so low, the tidal
currents and wave-induced velocities could be considered

0.4-_
0.2 - ‘
0_

1.6 T

vertically uniform. Uy (z) and C(z) were based on the field
experimental data at ST2.

The suspended sediment rate on one tidal day was calcu-
lated in two cases: strong waves (from 2:30 PM to 7:30 PM
12th Feb. 2012) and weak waves (from 3:30 AM to 7:30 AM
13th Feb. 2012). The calculated results at the study site are
shown in Table 3.

For both cases of strong and weak waves, the suspended
sediment rates at the flood tide were three times higher as the
ones at the ebb tide. Therefore, the total suspended sediment
rate Qo resulted in positive values. The total Q. under the
strong waves was more than twice as high as the total Q;,
under the weak waves. This result indicates that the strong
hydrodynamics caused high turbulence; therefore, the verti-
cal suspended sediment rate Q;, achieved high values as well.
In addition, for the tidal flow to the mangrove forests, the
vertical suspended sediment rate Q;,, had positive values.

In general, the mangrove SSCs were mainly affected by
the currents. In addition, the SSCs during the flood tides were
higher during the ebb tides. This proves the role of the
mangrove forests in accumulation in the coastal area.

3.4. Topography and shoreline change

Fig. 8 shows how the topography at Nang Hai changed over
three years (from 20th Jan. 2014 to 25th May 2017). The
boundary between the mud-flat and the mangrove forest was
being eroded rapidly. In one year (from Jan. 2014 to Feb.
2015), the mangrove boundary was shifted approximately
5 minwards. In three years (from Jan. 2014 to May 2017), the
boundary was shifted inwards approximately 25 m. Hence,
the displacement rate was calculated at approximately
0.61 mmonth™" in 41 months (Jan. 2014—May 2017).
Although the boundary between the mangrove and mud-flat
had been eroded, the bathymetry in the mud-flat had accu-
mulated during the measured time. In general, the range of
the average depth deposition reached up to 0.40 m, but the
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Figure 8 Changes in the topography at the study site from 2014 to 2017.
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deposition and erosion processes occurred alternately. The
measured SSC results at ST1 (Section 3.2) also proved that
deposition occurred within the mud-flat. In the 1st, 3rd and
7th phases, the erosion process occurred, while the deposi-
tion process occurred in the 2nd, 4th, 5th and 6th phases. The
deposition in the mud-flat could be explained by two reasons.
First, the flood tides were strong enough to bring sediment
into the mud-flat (Section 3.2). Second, the erosion at the
boundary may contribute to the settlement of the sediment
in the mud-flat. Fig. 9 shows that the difference in the
sediment in the dry season was higher than that in the
wet season. In the dry season, the average depth erosion
reached up to 0.18 m in the first phase and to an average
depth deposition of 0.12 m in the third phase. Meanwhile, in
the wet season, the average depth erosion was 0.01 m in the
4th phase, while the average depth deposition was only
0.02 m in the 2nd phase.

Fig. 10 shows the observation of the mangrove shoreline
changes by using GPS from 20th Jan. 2014 to 25th May
2017. In general, the entire shoreline used as the study site
has been eroded. The shoreline was divided into three areas

(A, B and C), and the Nang Hai site was situated in area A
where the strongest erosion process occurred. The degrada-
tion rate was calculated as approximately 0.36 m month~" in
area A (Fig. 11). The results could be shown to be aligned with
the results from the topography methods by using levelling
instruments. However, the calculated rate of the cross-shore
changes by topography was higher (0.61 m month~"). There
were many possible causes, such as error from GPS instru-
ment; error within the measurement recorded, or error from
the calculation in ArcGIS (DSAS tool), etc. Moreover, by using
the wave refraction model, Vo Luong et al. (2008) proved that
the Nang Hai study site was affected strongly by the wave
fields (Fig. 12). In summary, the higher the wave heights
were, the stronger the erosion—deposition processes.
However, the causes of erosion at the study site were not
only due to the hydrodynamics but also due to human activ-
ities. Previous studies, such as Mazda et al. (2002) and Vinh
and Truong (2012), showed that human intervention also
affected the erosion mechanism in the Nga Bay River, which
is not far from the study site. In recent years, Tin and Vinh
(2013) showed that sand extraction between the Dong Tranh
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Gulf and Ganh Ray Gulf affected the erosion—deposition
processes significantly. These activities may impact the sedi-
ment mechanism, causing the erosion—deposition processes
at the study site.

4. Conclusions

The observations and measurements from the mangrove areas
of the Dong Tranh Estuary, Vietnam, showed strong relation-
ships between the hydrodynamic processes and suspended
sediment dynamics. In the estuary, the SSCs were very com-
plicated due to the mixed impacts of the waves and currents in
both seasons. The waves had a strong impact on the variability
of the SSCs in the dry season. In the mud-flat, the current
velocities were the main factor that dictated SSC distribution.
In the mangrove forest, the SSCs were influenced strongly by
the currents in the dry season and had a strong tidal asym-
metry. Addtionally, most of the measured results showed that
the hydrodynamics in the dry season were stronger than the
ones in the wet season. Hence, the hydrodynamics in the
mangrove areas were influenced strongly by monsoons.

The results of the shoreline and topography changes show
that in the mud-flat, the erosion and deposition processes
occurred alternately, and that the deposition was more
dominant than the erosion. The erosion—deposition intensity
in the dry monsoon was stronger than the one in the wet
monsoon. In the mangrove forest, the erosion process always
occurred, especially at the sloping mangrove edge, where
the erosion was at its strongest. The measured results showed
that the hydrodynamics in the mangroves were weak; mean-
while, the hydrodynamics in front of the mangrove edge were
strong. Thus, the hydrodynamics can be considered one of
the causes of erosion in the mangrove edge.

In conclusion, similar to previous studies, this study is
concurrent with a soil retention role for mangrove forests.
However, the study site is being eroded. It is noticeable that
the wave energy dissipation in the mangrove was not large,
and that the wave energy dissipation occurred in the mud-flat
due to the bottom topography. Human activity was not
considered in the study. Addtionally, the measured time in
the study was not long enough and only occurred in the El
Nino period (Nov. 2014—Apr. 2016). Hence, it is necessary to
conduct future work for a longer term to determine the
factors affecting the erosion—deposition processes at the
study site.
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KEYWORDS Summary Eddies are known to be affected by typhoons, and in recent years, the general three-
Tropical cyclones; dimensional structure, as well as features of the spatial and temporal distributions of eddies have
Mesoscale eddy; been determined. However, the type of eddy that is most likely to be affected by a typhoon
Eddy kinetic energy remains unclear. In this paper, quantitative and qualitative methods were used to study the eddies

that are most sensitive to upper-ocean tropical cyclones (TCs) from the perspective of eddy
characteristics, and the quantitative results showed that not all eddies were enhanced under the
influence of typhoons. Enhancement of the eddy amplitude (Amp), radius (Rad), area (A), or eddy
kinetic energy (EKE) accounted for 92.3% of the total eddy within the radius of the typhoon.
Qualitative analyses showed the following: First, eddies located on different sides of the typhoon
tracks were differently affected, as eddies on the left side were more intensely affected by the
typhoon than eddies on the right side, and second, eddies with short lifespans or small radii were
more susceptible to the TCs.
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1. Introduction

The South China Sea (SCS) is the largest semi-enclosed
marginal water body in the Northwest Pacific. Its average
depth is 1800 m, and its maximum depth is up to 5400 m.
Each year, many TCs pass through the SCS (Liu and Xie, 1999)
(Fig. 1), and many studies have shown that their strong winds
stir and vertically mix the upper ocean (Guan et al., 2014;
Knaff et al., 2013; Price, 1981; Wang et al., 2012), and Mixing
of the upper and subsurface water causes the sea surface
temperature (SST) to cool (Chiang et al., 2011; Guan et al.,
2014; Lin et al., 2017; Liu and Xie, 1999; Potter et al., 2017;
Sun et al., 2015).

Due to the influence of seabed topography and kuroshio
invasion, many mesoscale eddies occur in the SCS (Chelton
et al., 2011b; Du et al., 2016; Wang, 2003; Xiu et al., 2010)
that have far-reaching impacts on the mixing of sea water,
the transport of deep-sea sediment, and the distributions of
marine organisms, energy, heat, and nutrients. As one of the
characteristics of oceans, mesoscale eddies can also regulate
air—sea interactions (Chelton et al., 2011a; Lin et al., 2005;
Patnaik et al., 2014; Shay et al., 2000; Zheng et al., 2010).
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Figure 1  Tracks of typhoons and spatial distributions of eddies.

The interaction between eddies and TCs is an important
branch of air—sea interactions, and the study of this inter-
action improves our understanding of ocean circulation
dynamics (Hisaki, 2003; Wang et al., 2009; Zheng et al.,
2010). In the past few decades, scholars have suggested that
typhoons promote eddy generation. Hu and Kawamura (2004)
found that for each case of a looping tropical cyclone, a
cyclonic eddy with an obvious sea-level depression appears in
the sea area where the cyclone takes a loop form, and a cold
core forms with a difference in SST greater than 2°C com-
pared to the surrounding areas (Chen et al., 2012; Chow
et al., 2008; Gordon et al., 2017; Hu and Kawamura, 2004;
Mahadevan et al., 2008; Zhang et al., 2016). Furthermore,
the responses of the cyclonic eddies (CEs) to typhoon forcing
in the Western North Pacific Ocean (WNPO) were analyzed
using Argo profiles, and the results indicated that the inflow
of warm and fresh water, heats and freshens the subsurface in
the CEs to compensate for the cooling. Eddies primarily cool
at the surface (0—10 m depth) but deep upwelling occurs
from the top of the thermocline (200 m in depth) to greater
ocean depths shortly after typhoon forcing (Liu et al., 2017).
By using satellite and altimeter data to research the response
of eddies to typhoons, the eddy core has found to have an
obvious sea-level depression after a typhoon, resulting in
both mixed layers and SST cooling (Jaimes et al., 2011; Shang
et al., 2008); Cyclonic eddies have been found to be
enhanced by typhoons, and one noticeable feature was a
change in the three-dimensional structure accompanied by
reaxisymmetrization and elliptical deformation processes in
the horizontal plane (Lu et al., 2016; Wang et al., 2009).
Additionally, by comparing the EKE and available gravita-
tional potential energy of COEs before and after typhoons,
Sun et al. (2014) found that the energy of a COE can be
increased by a slow-moving typhoon, and the EKE can change
on order of O (10"—10"> J) (Shang et al., 2015; Sun et al.,
2014). Finally, among maximum wind speed, typhoon trans-
lation speed and the typhoon forcing time (T¢), changes in the
geometric and physical parameters of eddies have been
found to mostly be related to the T, which is determined
by typhoon translation speed and size and typhoon intensity
(Sun et al., 2014).

In summary, many breakthroughs have occurred in the
response of eddies to TCs over the last ten years, but
important questions remain unanswered. For example, will
the properties of the eddy constrain how it is affected by a
typhoon and if so, which kind of eddy responds more strongly?
In this paper, the data used for eddy identification and
tracking are introduced in Section 2, which is followed by
results of the qualitative analysis based on specific eddy and
typhoon cases (Section 3). Finally, conclusions are offered
that include suggestions for future research (Section 4).

2. Material and methods
2.1. Typhoon data

In this paper, typhoon “best-track data sets” (BTDS) were
obtained from the U.S Joint Typhoon Warning Center (JTWC),
and each contained typhoon maximum sustained wind (MSW)
speeds in knots (i.e., the 1-min mean maximum sustained
wind speed at a height of 10 m), the latitude and longitude of
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the typhoon center, and the typhoon radius in sea miles.
According to the TC classification standard of the JTWC, a TC
is defined as a typhoon when its MSW exceeds 63 knots, and as
the MSW surpasses 113 knots, a TC is defined as super
typhoons. Only TCs in the Northwest Pacific with MSW >64
knots from 2001 to 2014 were used in this study. The duration
of the TCs in the SCS was counted with an accuracy of 0.5 days
because the time interval of the BTDS was 6 h (Table 1).

2.2. Satellite data and eddy parameters

Altimeter data from Archiving, Validation, and Interpretation
of Satellite Oceanographic Data (AVISO 2014) were used in

Table 1 Information of typhoons.

Typhoon name Time/day V_max/knots Number of
(stay in (Typhoon the eddies
the SCS) encountered

eddy)

PABUK(2001) 2.00 90 2

WUTIP(2001) 5.75 115 3

IMBUDO(2003) 2.25 90 1

MORAKOT(2003) 3.75 120 1

MAEMI(2003) 2.00 65 1

NEPARTAK(2003) 5.75 115 1

CONSON(2004) 2.00 125 1

HAITANG(2005) 4.00 95 1

TALIM(2005) 1.25 115 1

CHANCHU(2006) 6.25 65 4

PRAPIROON(2006) 5.25 115 1

XANGSANE(2006)  4.75 115 3

CIMARON(2006) 10.50 115 3

UTOR(2007) 5.50 75 2

PABUK(2007) 3.00 65 1

SEPAT(2007) 2.00 140 1

PEIPAH(2007) 6.50 75 1

MITAG(2007) 2.50 75 1

NEOGURI(2008) 6.00 100 2

NURI(2008) 3.50 80 2

HAGUPIT(2008) 3.50 100 1

LINFA(2009) 6.75 70 1

MORAKOT(2009) 1.75 80 1

PARMA(2009) 12.00 65 1

FANAPI(2010) 2.25 105 1

MEGI(2010) 5.25 110 4

SONGDA(2011) 1.75 140 2

MUIFA(2011) 5.25 70 1

NESAT (2011) 4.50 75 2

NALGAE(2011) 4.50 65 1

JELAWAT (2012) 2.25 130 1

TINH(2012) 4.25 75 2

BOPHA(2013) 5.00 115 1

SOULIK(2013) 1.25 80 1

NARI(2013) 4.75 80 2

KROSA(2013) 4.75 100 3

HAIYAN(2013) 3.25 95 1

RAMMASUN(2014)  5.00 125 3

MATMO(2014) 1.50 80 1

KALMAEGI(2014) 3.50 70 2

this study, and they were generated from a combination of
data from TOPEX/Poseidon, Jason-1 and Jason-2, and Envir-
onmental Satellite. AVISO delayed-time altimeter data from
January 1993 to December 2015 are daily, two-satellite
merged global seal-level anomalies (SLA) with a spatial
resolution 0.25 x 0.25°. Sea surface temperature (SST) data
were acquired from remote sensing systems with a resolution
of 25 km. The altimeter data were used to identify, detect
and track mesoscale eddies, while SST data were adopted to
validate the tracking results. The algorithm used to identify,
detect and track mesoscale eddies used in this study was
provided by Liu et al. (2016) and Sun et al. (2017). The
meridional component, ug, and the zonal component, vy,
of the geostrophic velocity of the ocean current as well as A
and EKE (e.g., Xu et al., 2011) were calculated as follows:

A = Nx0.25x0.25x111x111x |cos(lat)|, (1)
g 3SLA g OSLA

R T @
n

EKE = “3(U% + V) pAiH;. (3)
i=1

In those formulas, N is the number of pixel occupied by the
eddy, and 0.25 x 111 transforms the angle into a distance (in
kilometer). The variables ug and v, are the vertical and
horizontal velocity of geostrophic flow, respectively; p is a
constant value of the density of the seawater equal to
1020 kg m—3; and H; is the ocean depth. To better illustrate
that the eddy is affected by the typhoon this article takes the
state of eddy before the typhoon transit as a reference point,
the average values of the eddy properties (Amp, Rad, A, EKE)
one week after typhoon transit were calculated, and we
further calculated the ratio of the eddy attribute values
before and after being affected by the typhoon. The reason
that ratios were used rather than differences is that an eddy
can form at different sizes and because the growth of its
properties is also limited. After being affected by a typhoon,
the ratio of two eddies with the same property difference
may vary greatly; part of the eddy changes significantly
during the week after a typhoon and then changes only
slightly. Therefore, this article takes the week after the
typhoon as the study period and to highlight the impact of
typhoons on the upper ocean, the maximum SST and SLA
variation are taken at +2.25° from the eddy center.

3. Results and discussion

3.1. New eddy generated by Typhoon MEGI
(2010)

Typhoon MEGI formed on October 11 and passed through the
SCS at 90 knots on October 18, and its direction was from east
to west. During its 126-h residency, the intensity of the
typhoon increased from 90 knots to 115 knots; MEGI finally
left the SCS on October 24 at 30 knots.

The four subgraphs in Fig. 2 illustrate daily SSTand SLA on
four different days influenced by Typhoon MEGI in the region,
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Figure 2 The SST colored, from October 17, 2010 to October 26, 2010. October 17, 2010 was the SST status before the typhoon.
October 20, 2010, October 23, 2010, October 26, 2010 were SST status on day 2, day 5 and day 8 after the typhoon, respectively. The
curve plots the path of the typhoon, and the arrow marks the direction of the typhoon, the closed loop was the area of SLA < —12 cm

(cold eddy zone).

it is obvious that the SST and SLA significantly reduced in the
black box area during MEGI period. Before the typhoon's
arrival (2010.10.17), the lowest SST of the area of new eddy
generation was 27.8°C, and the temperature fell to 27.2°C on
the third day (20101020). Then, on the sixth day (2010.10.23)
after MEGI, the lowest SST was 25.3°C, which was accom-
panied by a >12-cm sea-level depression and the appearance
of a closed loop. During the 126-h typhoon period, the
maximum reduction in SST in the region was 2.53°C, and
the maximum reduction of the SLA reached 11.3cm. In
summary, under the influence of the typhoon, a new eddy
was generated below the sea on October 23, 2010 (Fig. 2),
and this new eddy was well developed and lasted for more
than several weeks.

3.2. Typhoon enhanced preexisting eddy

UTOR was a tropical cyclone during the Pacific typhoon
season in 2006. The storm formed on December 7, was
maintained for 8 days and then dissipated on December
15. The maximum intensity of UTOR during its lifecycle
was 100 knots, and UTOR passed the SCS on December 11 with
an intensity of 75 knots. Within the range of the radius of
UTOR, a mesoscale eddy occurred (recorded as No. 25 eddy in
Table 2a, Fig. 4).

Fig. 3 shows the eddy properties of the No. 25 and No.
55 eddy in their whole lifetime. It can be seen from the figure
that during the entire life cycle of the eddy, the properties of
the eddy are always fluctuating. From the left side of Fig. 3,
the SLA, Amp, Rad, Area and EKE of the No. 25 eddy were all

significantly changed after affected by UTOR, and the max-
imum (minimum of the SLA) of each parameter occurred
either during or after UTOR. Moreover, compared with other
periods, the vital signs of the eddy were relatively stable
during the typhoon. The No. 25 eddy was located to the right
of the center of UTOR (position of the eddy core relative to
the UTOR path) with a radius of 156.92 km and a lifespan of
46 days. After the typhoon passed, the SST in the eddy area
decreased by 3.31°C (Fig. 4), and the parameters of No.25
eddy changed. Among them, the SLA decreased by 7.04 cm,
and the amplitude, radius, area and EKE increased by1.29
times, 0.92 times, 0.92 times, and 1.15 times respectively,
compared to before the typhoon.

Typhoon NARI originated on October 7, 2013 in the Phi-
lippines east of the SCS and dissipated on October 16. Its life
cycle was 10 days, and its maximum intensity reached
100 knots. When the typhoon passed the SCS, there was an
eddy under the typhoon (recorded as the No. 55 eddy in
Table 2b, Fig. 5).

The right side of Fig. 3 shows that the SLA, Amp, Rad, Area
and EKE of the No. 55 eddy significantly changed after being
affected by NARI, and the maximum (minimum of the SLA) of
each parameter occurred during or after the typhoon. More-
over, compared with other periods, the vital signs of the eddy
were relatively stable during the typhoon. The No. 55 eddy
had a lifespan of 42 days and a radius of 52.43 km, and after
the typhoon passed, the SST in the eddy area dropped by
2.32°C. The SLA of the eddy core as well as the eddy
amplitude, radius, area, and EKE exhibited very significant
changes: the SLA decreased by 4.41 cm while the eddy
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Table 2a Parameters of 65 eddies.

Eddy Cold/warm eddy Location Lifetime/days Amp/times Rad/times A/times EKE/times
1 Cold R 13 1.38 1.15 1.90 5.81
2 Cold R 13 2.03 1.03 1.19 1.61
3 Cold R 24 0.79 0.81 0.50 0.33
4 Cold R 32 1.52 1.15 1.48 1.90
5 Cold R 24 1.37 1.00 1.59 3.26
6 Cold L 13 1.51 1.41 2.23 1.51
7 Cold R 13 0.57 0.92 0.58 3.30
8 Cold L 13 0.78 0.95 0.75 6.61
9 Cold R 109 1.12 1.09 0.75 1.59
10 Cold L 36 1.13 1.10 1.23 2.02
11 Cold L 14 0.76 0.99 0.68 4.92
12 Cold L 17 1.07 1.05 1.22 1.19
13 Cold R 10 2.62 1.57 1.50 4.63
14 Cold R 32 1.34 1.05 1.11 2.02
15 Cold R 29 0.36 0.61 0.35 0.14
16 Cold R 10 0.21 0.43 0.19 0.01
17 Cold L 15 0.94 0.92 0.93 1.22
18 Cold L 37 1.35 1.10 2.03 3.77
19 Cold L 13 2.04 1.60 2.66 8.13
20 Cold L 13 1.39 1.35 1.81 3.02
21 Cold R 15 2.13 1.39 0.60 1.63
22 Cold R 15 2.00 1.48 2.33 13.08
23 Cold R 15 1.55 1.26 1.66 2.86
24 Cold R 23 2.35 1.24 1.50 5.09
25 Cold R 46 1.29 0.92 0.92 1.15
26 Cold L 12 0.73 1.16 1.20 1.18
27 Cold L 21 1.54 1.77 2.17 2.91
28 Cold L 14 2.22 1.27 1.60 1.25
29 Cold R 18 3.83 1.52 4.87 1.16
30 Cold R 67 1.16 1.02 0.90 2.14
31 Cold L 20 0.64 0.78 0.88 0.26
32 Cold R 27 1.09 0.95 1.09 1.13
33 Cold L 58 1.18 1.07 0.56 1.19
34 Cold R 51 1.13 0.97 0.88 1.19
35 Cold R 27 0.95 0.80 0.65 1.23
36 Cold L 13 2.62 1.35 1.30 2.39
37 Cold L 14 1.17 1.00 1.13 1.52
38 Cold L 45 8.32 3.05 10.25 45.66
39 Cold R 42 0.75 0.74 0.57 2.24
40 Cold R 20 0.91 0.70 0.14 0.04
41 Cold R 42 0.66 0.83 1.01 32.33
42 Cold R 42 0.64 0.84 1.04 4.86
43 Cold R 49 0.89 0.87 1.36 2.58
44 Cold L 27 1.07 0.81 0.26 3.01
45 Cold R 43 0.78 0.92 0.85 7.73
46 Cold R 17 0.81 0.91 1.10 0.53
47 Cold L 24 1.03 1.12 1.26 1.51

amplitude, radius, area, and EKE increased by 1.61 times,
1.06 times, 1.11 times, and 1.99 times, respectively, com-
pared to before the NARI crossed.

With its enhanced amplitude, radius, area, or EKE, the
eddy accounted for 92.3% of the total eddies within the
radius of the typhoon. The rate of increase in the proper-
ties is highly variable among different eddies. In the
study, the longest eddy lifespan was 109 days, and the
amplitude, radius, area, and EKE of this eddy changed by

1.12, 1.09, 0.75, and 1.59 times, respectively (recorded
as the No. 9 eddy in Table 2a). Compared to other eddies
that were enhanced by typhoons, this eddy was relatively
minimally enhanced. As shown in the next section, this
paper takes the perspective of the eddy as a starting point
and considers the position of the eddy relative to the
typhoon path as well as the lifetime and radius of the
eddy to study the reasons for restricted influence of a
typhoon.
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Table 2b  Parameters of 65 eddies.

Eddy Cold/warm eddy Location Lifetime/days Amp/times Rad/times A/times EKE/times
48 Cold L 17 0.91 0.99 1.70 137.04
49 Cold L 21 1.01 0.97 1.11 1.14
50 Cold R 60 0.92 0.93 1.36 1.44
51 Cold R 68 1.45 1.08 16.39 26.07
52 Cold R 21 2.87 1.63 2.39 12.76
53 Cold L 12 2.37 1.11 2.74 1.79
54 Cold R 42 1.85 1.13 1.27 3.26
55 Cold R 42 1.61 1.06 1.11 1.99
56 Cold L 30 2.40 1.30 2.79 21.27
57 Cold L 15 1.10 1.20 1.63 6.17
58 Cold R 51 1.82 1.23 1.12 1.04
59 Cold R 69 2.14 1.50 2.20 4.37
60 Cold R 17 1.21 1.11 1.25 1.65
61 Cold R 17 1.41 1.27 1.80 4.27
62 Cold R 10 1.78 2.45 7.56 1.20
63 Cold R 13 3.18 2.28 32.33 4.48
64 Cold R 13 1.22 1.24 1.33 1.89
65 Cold R 17 3.06 1.31 1.89 1.55
0 Eddy Lifetime/day 0 Eddy Lifetime/day
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Figure 3 The No. 25 eddy (left) and No. 55 eddy (right) parameters in their whole lifecycle.
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Figure 5 Same as Fig. 2, except for the typhoon NARI, NARI passed the SCS on October 13, 2013.
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3.3. Qualitative analysis

The eddy to the left of the typhoon and that to the right were
numbered 24 and 41, respectively, accounting for 37% and
63% of the total. Fig. 6 shows that the eddies changed on both
sides of the path of the typhoon after the typhoon passed,
and seven days after passage, the eddies to the left of the
path exhibited greater changes in the SLA, Amp, area and EKE
than those to the right. The overall growth trend of the ones
on the left of the path was also greater than that for the
eddies to the right.

The eddies studied were divided into two groups: those
whose radius was larger than the average radius of 75.6 km,
referred to as the large eddy group, and those with a smaller-
than-average radius km, referred to as the small eddy group.
There were 23 eddies in the large eddy group, accounting for
35% of the total, and the small eddy group consisted of
42 eddies, accounting for 65% of the total. Fig. 7 shows
the two eddy groups and the changes in their property after
the typhoon passed. The result indicates that after being
influenced by the typhoon, the eddies with a small radius
underwent a more significant increase in their Amp, Rad,
area and EKE than those with a large radius. However, after
the typhoon passed, the large-eddy Amp and EKE grew only
slightly, and their radii and areas decreased. All of these
results indicated that a small eddy is more susceptible to a
typhoon.
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We further divided the eddies into two groups: eddies with
lifetimes of 10—20 days were marked as the short-lived
group, and eddies with lifetimes longer than 21d were con-
sidered as long-lived. There were 32 and 33 short- and long-
lived eddies, respectively, each accounting for 50% of the
study data. Fig. 8 shows that the values of the two eddy
groups increased after being affected by the typhoon, but
eddies with a lifespan of 10—20 days exhibited a more intense
increase in their Amp, rad, area and EKE than those with
lifespan longer than 21 days. The results indicate that short-
lived eddies are more susceptible to typhoons than long-lived
eddies.

In summary, eddies located on the left of the typhoon path
are more intensely affected than eddies on the right. Eddies
with the short lifespans and small radii are more susceptible
to typhoons.

3.4. Causal relationship

The results of statistical analysis show that the eddy on the
left of the typhoon was more intense affected by typhoon
than the eddy located on the right side of the typhoon. The
difference between the conclusion of this paper and those of
others lies in that this paper aims at studying eddies growth
rate after being affected by typhoon rather than increment,
the latter is concerned with the change in quantity, while this
article focuses on indicating the ease or complexity of eddies
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Figure 6 After the typhoon, eddy properties change, on both sides of the typhoon path.
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affected by typhoon. To further study why a short-lived,
small-sized eddy was more intensely enhanced by typhoons,
the depth of the eddy center and the eddy radius were
plotted across the entire eddy life cycle. Fig. 9 shows that
long-lived eddies appear more often in deeper sea areas and
there appears to be a positive correlation between the life-
span of the eddy and its size. Fig. 10 shows the relationships
between the lifespan of the eddy and the depth of the ocean
at its center, and it illustrates that short-lived eddies occur
more often in shallow seas. This conclusion is consistent with
data indicating that strong eddies usually penetrate much
deeper into the ocean than weak ones (Xiu et al., 2010).

4. Conclusions

In this study, typhoon and eddy intersection data for 2001 to
2014 for the South China Sea were first generated using
typhoon data from JTWC; eddies were then identified and
tracked using data from Liu et al. (2016). The data set
contained a total of 65 eddies with an average eddy life of
28.03 days and an average radius of 75.6 km. After being
affected by a typhoon, not all eddies were enhanced.
Typhoon can enhance the eddy, but can't stop the eddy
dissipate. When encountered the typhoon in the late stage
of its lifecycle, the eddy is hard to be enhanced, it may be
explained that the energy dissipated of the eddy itself is
greater than that delivered by the typhoon. There are three
typical cases demonstrated that typhoons would generate
new eddies and enhance preexisting eddies in Section
3. Then, several conclusions were reached through qualita-
tive analysis. First, the Amp, rad and EKE are sharply inten-
sified in eddies located on the left side of the track of the
typhoon, and the growth trend is more severe than that of
eddies to the right of the track. Second, after being influ-
enced by a typhoon, the Amp, rad, area and EKE of small-
sized eddies increase more intensely, and this trend is more
prominent compared to eddies with a large magnitude.
Third, short-lived eddies are more susceptible to typhoons
than long-lived eddies, especially regarding the difference in

the eddy radius and area. Finally, the dynamics for the
response of mesoscale eddy to the tropical cyclones involves
wind stress, and sea surface wind stress was the only way in
which the atmosphere can transmit momentum directly to
the ocean. This paper was based on the perspective of eddy
characteristics, so the wind stress is not introduced in detail,
but the specific introduction will be further introduced in the
later research on typhoon. Then, it will be possible to expand
the study area in the sea, increase the amount of data, and
control a single variable to conduct more detailed research
about the eddy properties and identify the influence of
tropical cyclones alone.
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KEYWORDS Summary Considering the significant role of beaches for the sea environment and welfare of
Beach erosion; coastal communities, a variety of process-based models are applied in order to examine and
Bed level evolution; understand the interaction of hydrodynamic processes with seabed material at different time scales.
Wave/current However, a long-term view of this interaction requires a great amount of computational time. In this
modelling; work a cost-effective methodology is proposed to surpass this shortcoming and estimate bed level
Shields criterion; evolution. The technique is relied on an objective criterion to assess spectral wave time series of wave
Sitia-Crete coast height, period and direction and identify the wave conditions that contribute to the initiation of

sediment movement. After implementing the so-called Shields criterion, the full wave climate is
reduced to two classes of representative wave conditions: the over-critical ones, mainly responsible
for long-term erosion, and the sub-critical wave conditions. By applying a well-known process-based
model, the representative wave conditions are used as input for the wave-current-sediment transport
simulation and rates of bed level changes are obtained, on the basis of which the long-term effects of
waves on beach erosion are estimated. Taking into account that erosion is a threatening phenomenon
along the sandy beaches of Mediterranean Sea, the present method is demonstrated at a sandy coast
of Sitia Bay, Crete. The bed levels derived from the proposed methodology and the full time series are
compared. The results indicate reasonable agreement at the selected locations with deviations under
7%, and conformity of the tendency of seabed evolution, rendering the new methodology a useful tool.
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1. Introduction

Understanding erosion and accretion processes in a coastal
area and accurately forecasting coastal evolution is essential
in order to prioritize mitigation measures and manage plan-
ning decisions and prospective interventions as regards the
protection of the coastal environment and its sustainable
development. Numerous scientific studies have been con-
ducted over the past decades dealing with coastal erosion
and morphological changes; see, for instance, the recent
review papers on coastal erosion under climate change sce-
narios by Ranasinghe (2016) and Toimil et al. (2017). Never-
theless, it is yet a challenging field of research since the
sufficient and proper understanding of the underlying pro-
cesses and dynamics is still lacking due to the complex and
non-linear interactions of the involved processes; see, e.g.
Davidson-Arnott (2009).

Process-based models have been widely used to simulate
morphological processes and estimate sediment transport
rates and bathymetry evolution for different time scales
during recent years. Such models are based on mathematical
formulation and assumptions in order to assess sediment
transport processes, and are ideal for short-term simulations
(hours to weeks); however, for medium- and long-term pro-
cesses, they suffer from inherent constraints such as the high
computational time, sensitivity to initial conditions and
numerical instabilities. Some relevant and recent studies
based on process-based models are the works of Ramakrishnan
et al. (2018), who simulated morphological changes under
normal wave conditions and storm events during a four-month
period along a pocket beach at the east coast of India, of
Dubarbier et al. (2015), who simulated beach profile evolution
on the timescales from hours to months encompassing both
slow onshore and rapid offshore sandbar migration events at
two sites, and of Corbella and Stretch (2012), who examined
the impacts of decadal trends on storm induced beach erosion
based on a non-stationary multivariate statistical model com-
bined with three process-based models.

In order to reduce computational time that is required for
simulations of morphological models with time period of one
year or greater, retaining an acceptable accuracy of the
predictions, wave input reduction methods have been sug-
gested. The core idea of these techniques is to reduce the
size of the wave input data at a coastal area of interest with
some sets of representative wave conditions based on spe-
cific criteria. A detailed analysis of five techniques dealing
with input reduction has been performed by Benedet et al.
(2016). In that study, one-year reference wave data repre-
senting the full wave climate at a south-east coast of Florida,
USA, were transformed to four different numbers of repre-
sentative wave conditions. Specifically, the full wave climate
was reduced to 30, 20, 12 and 6 representative wave cases in
order to run the corresponding models in sequence for a
smaller time period; these numbers were selected based on
sensitivity tests carried out by the authors. According to the
frequency of occurrence of each wave condition in a full year,
the sediment transport patterns were estimated for each
proposed technique along with the simulation of the detailed
wave climate, used as benchmark. The results obtained by
each technique were compared with the corresponding
results of the benchmark in terms of root mean square error.

The analysis showed that for a small number of wave condi-
tions (i.e. 12 and 6) the method with the best performance is
the “Energy Flux Method”, where directional bins of equal
wave energy flux were formed; on the other hand, as the size
of representative wave cases was increasing, all methods had
a similar performance. Furthermore, Walstra et al. (2013)
introduced an input reduction method at two wave-domi-
nated coasts with dissimilar long-term offshore wave direc-
tion characteristics. Their analysis also demonstrated that
apart from storm events, which contribute to the largest
morphological changes, it is essential to preserve in the
reduced wave climate the wave energy conditions with
low or intermediate intensity for a more realistic long-term
sandbar behaviour.

The same rationale is also adopted when examining coastal
erosion in terms of wave action, where there are two main
viewpoints. The first one refers to the episodic events (e.g.
storms, tsunamis) that act for a short time window (hours to
some days) but can cause significant and sudden damages,
from loss of land and destruction of coastal infrastructure to
direct impacts on coastal communities and the adjacent
coastal ecosystems, among others. The second one deals with
the accumulative wave action, where erosion behaviour is
governed by the interaction of storm events and calm periods.
In a previous work by the authors (Belibassakis and Karatha-
nasi, 2017), the first viewpoint was examined with application
to the Varkiza coast in the Saronic Gulf (western Aegean Sea);
the present study focuses on the second viewpoint. To this
end, in this work a cost-effective method is introduced based
on the use of process-based models combined with the phi-
losophy of wave input reduction techniques. The proposed
technique relies wave input reduction on a grain motion
initiation criterion in terms of orbital velocity, from which
two basic categories are separated: (i) the one dealing with
wave conditions that contribute to the wave-induced initia-
tion of sediment movement at depths around the closure
depth, and (ii) the other one including the low energetic
wave conditions. Other reference works as regards the onset
of sediment motion under waves are those of Hallermeier
(1980), Soulsby (1997), and Van Rijn (1993). Consequently, the
computational efficiency of estimating bed level can be
drastically increased with the proposed methodology instead
of using the full wave time series, while the accuracy level can
be retained into acceptable limits.

As an application the coast of Sitia, in the eastern part of
Crete Isl., is examined as a specific case study. The main
reasons for selecting this particular coast lie in its vulner-
ability to erosion phenomena and its touristic character; see
Fig. 1(a). Specifically, a recent study (Alexandrakis et al.,
2015) based on aerial photographs between 1945 and 2014,
indicated that the coastline has been retreated for a distance
of the order of 45 m (representing the maximum value) while
in Foteinis and Synolakis (2015), the mean coastal retreat
rate at Sitia was estimated at 0.32 m/yr, among the highest
erosion rates in Crete, utilizing aerial photographs (1960—
2004), satellite images (2003—2012) and field survey mea-
surements (2009—2012). Indicatively, aerial and satellite
images from Google Earth show that 7 m is the maximum
loss during the period 2002—2015; see also Fig. 1(b). In 2016,
the collapse of the retaining wall of the coastal road brought
the erosion matter to a climax leaving some villages in the
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Figure 1 (a) Western part of the beach at Sitia Bay. (b)
Coastline retreat at the central part.

north-eastern part inaccessible until the end of repair works.
However, from Google Earth images, it seems that in
2017 there was a widening along the beach, which can be
attributed to natural processes since no beach nourishment
took place. Additionally, the touristic activities in the wider
area have become more intensive the last years rendering
confronting, prediction and management of erosion even
more imperative. A preliminary study as regards the sedi-
ment transport patterns under two alternative wave scenar-
ios (i.e. mean sea state, harsh wave conditions that
contribute to initiation of sediment motion) and three dif-
ferent topographies of the seabed (i.e. current state, two
submerged breakwaters at the isobaths of 5 m, port exten-
sion in the sea) has been conducted by the same authors at
the same study area (Karathanasi et al., 2017). One of the
main conclusions of this study as regards the harsh wave
conditions for all the examined seabed topographies was the
clockwise current circulation that contributed to the sedi-
ment movement westward.

Since the availability of in situ wave measurements from
oceanographic buoys is rather limited in space and time, the
analysis is based on statistical parameters, like significant
wave height and peak period, derived from wave models that
are quickly accessed nowadays. Thereupon, in this study time
series of wave statistical parameters are derived from the
Mediterranean Sea Waves forecast system, which is based on
the third-generation wave model WAM Cycle 4.5.4 (Gunther
and Behrens, 2012). Moreover, current velocity time series
are obtained from the Med-currents system, whose equations
are solved by an Ocean General Circulation Model based on

the NEMO model (version 3.6); for more details, see
Clementi et al. (2017). Both datasets can be accessed at
http://marine.copernicus.eu/services-portfolio/access-to-
products/. The process-based numerical model used for the
detailed description of currents, waves, sediment transport
and bed level update and their interdependence is the MIKE
21 Coupled Model FM (DHI, 2016). The same numerical wave
model has been applied in relevant recent studies; see, e.g.
Aouiche et al. (2016), Belibassakis and Karathanasi (2017),
Daghigh et al. (2017), Gad et al. (2018), and Gharibreza et al.
(2018).

The structure of the present paper is as follows: in Section
2, the proposed methodology is presented, which provides the
bed level for a specified time period, after appropriately
reducing the available wave time series. A detailed descrip-
tion of the study area is given in Section 3 and an overview of
the model setup, including the bathymetry of the model
domain, the analyzed wave climate and the input data for
the various modules can be found in Section 4. Subsequently,
in Section 5, the results of this procedure are presented and
compared with the results from the simulation of the full time
series. Discussion and further comments are given in Section 6,
and in the final section, the main findings of this work are
summarized along with some suggestions for further research.

2. Methodology

When a long-term time series of wave data is available near-
shore, the core of the proposed methodology is based on the
rationale of wave input reduction. The wave conditions that
contribute to the onset of sediment motion below the closure
depth of a sandy bed level, called hereafter “over-critical
wave conditions”, form the determinative factor of this
analysis. With the term “closure depth”, we define the
transition zone in which the influence of waves on bed
stresses, and hence sediment transport, is significantly lower
than within the region of wave breaking (i.e. surf zone) or the
region where the effects of wave energy dissipation are
dominant (i.e. upper shoreface zone) (Ortiz and Ashton,
2016). Hence the underlying assumption as regards closure
depth is its dependence on the harsh wave conditions. In this
context, it is possible to significantly reduce computation
times and speed up the whole analysis. The proposed
approach uses the wave statistical parameters such as sig-
nificant wave height Hs and peak period Ty along with some
basic hydrodynamic parameters (e.g. wave height, sea water
density) and sediment characteristics (e.g. dso, density of
sediment), to estimate bottom orbital velocity u, and wave
shear velocity u+,, rendering the methodology fully applic-
able and handy, since in the majority of the cases such
summary data are available (e.g. wave model outputs,
archived wave data).

Before proceeding with the description of the methodol-
ogy, for the sake of simplicity, let us first provide the appro-
priate definitions regarding the points used in the analysis
that are mentioned in the subsequent sections:

e the offshore points that correspond to the available wave
time series, forming the input for the boundary of the
outer model domain with the coarse spatial resolution, are
denoted by Pg;
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e the points that are used as input for the boundaries of the
inner model domain with the fine spatial resolution,
obtained after applying a wave transformation scheme,
are denoted by P;,,,, and the middle point of the northern
boundary is denoted by Pinn m;

¢ the point that represents the closure depth is denoted by
P.4, and the corresponding depth h4 is defined by the
Hallermeier (1981) equation given by:

H2
heq = 2.28Hq—68.5 gTszf , (1)

eff

where H¢s is the effective wave height, exceeded 12 hina
single year (i.e. the greatest 0.137% waves during a year)
and T is the associated wave period.

2.1. Description of the cost-effective method

According to linear wave theory, the bottom (or near-bed)
orbital velocity of a monochromatic wave is related to water
depth and surface wave conditions as follows:

U — 7H
b~ Tsinh(kh)’

where His the wave height, Tis the wave period and k = 27/
is the wavenumber (1 is the wavelength) and h is the water
depth. Eq. (2) is extended for multichromatic waves in the
coastal environment by applying it for all frequencies of the
wave spectrum corresponding to each sea state and summing
the components. Thus, a representative bottom orbital ve-
locity up, is calculated; see, e.g. Madsen (1994). Following
the method suggested by Wiberg and Sherwood (2008), a
generic form of the wave spectrum is used to estimate
bottom orbital velocity from the values of Hs and Tp of the
reference wave data (i.e. the entire time series of the
available wave data) at a point that represents the closure
depth, denoted by P.y. Among the commonly used wind-
generated wave spectra, JONSWAP spectrum (Hasselmann
et al., 1973) is adopted,

_ M5\’ @ 5( 0\ wen
Sn(w)fB(T) ;GXP _Z(a)_p> 14 ) (3)

where wp = 271/Tp is the peak angular frequency, B = 3.29,
y = 3.3and ¢(w/wp) = exp[—0.582(w/wp—1)*] with g = 0.07
for w<wp and B = 0.09 for w > wp.

The representative orbital velocity up, is then calculated
from the following relation

Upr = 4|2 <Z Su,iAwi> , (4)

i . — 472 .
with Sy, T2sinh? (k;h) S

For the sediment transport purposes, another important
property of waves is the bed shear stress t;, that can be
associated with u, and a wave friction factor f,, by:

2)

1
Tow = 5 Pwfulp, (5)

where p,, is the sea water density. f,, is calculated by the
following empirical relationship (Fredsge and Deigaard,
1992):

-0.25
00427, %550
fu= k k (6)
w 04370,75 o« oo
Ko kS

where « = 0.5H/sinh(kh) is the wave orbital amplitude and

ky is the Nikuradse's bed roughness parameter equal to

2.5dsg, Where dsq is the median sediment grain diameter.
Wave shear velocity u-, is defined as follows:

T,
Uy = |22, 7)
Pw

The dimensionless bed shear stress, i.e. the Shields para-

meter 6%, defined as

. Uy

’ (s—1)gdso” ®)
with s = p,/p,, denoting the ratio between the density of bed
material and sea water (p, is the density of the sediment) and
¢ denoting the acceleration caused by gravity (9.81 m/s?), is
used to indicate the lower threshold value for initiation of
sediment motion for the cases that 8* > 0, where ., = 0.045
is the critical bed shear stress.

Based on the above threshold value of initiation of sedi-
ment movement, the proposed methodology can be applied
on the available wave time series at P4 in order to indicate
the specific timesteps that represent these wave conditions
yielding a value of 6" higher than 0.045 (i.e. over-critical
wave conditions). Let us note that in case the available wave
time series is available at an offshore location, like Pgyt
points, a wave transformation process should be necessarily
implemented in order to obtain the corresponding time series
at the closure depth. Having these over-critical wave con-
ditions at P-4 to hand, the corresponding conditions at the
boundary of the inner model need to be extracted, repre-
sented by Pjnn,m. Since the temporal resolution of the wave
time series is 1 hour and given the distance between the
offshore boundary (of the inner model) and P.4 (~1.6 km),
the over-critical wave conditions at the boundary of the inner
model that contribute to the initiation of sediment motion
are identified based on the same timestep that gives each
over-critical wave condition at P.4. Then, these over-critical
conditions are classified at Pinn , into specific intervals of Hs
and Tp (0.5 m and 1 s, respectively) with equidistant binning
(i.e. constant bin-size) and the corresponding mean wave
direction 6, is calculated for each class. This schematization
(into (Hs, Tp, 0m) triplets) is essential in order to proceed with
the proposed methodology described in detail in the remain-
ing part of this section.

Apart from the over-critical wave conditions, in which the
morphological changes are large, the conditions where wave-
induced currents are dominant should be additionally con-
sidered for a more realistic long-term behaviour of bed level.
Assuming that waves below 0.5 m at the boundary of the
inner model do not produce significant erosion/accretion
patterns in the shore, the calm wave climate, called here-
after “sub-critical wave conditions”, is grossly classified for
values of Hs smaller than the threshold values and higher than
0.5 m. In this case, the intervals for Hs remain 0.5 m and for
T the interval is varying (from 1 s to 4 s). The corresponding
mean wave directions 6, for the selected pairs (Hs, Tp) is also
calculated.
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The final triplets of both the over- and sub-critical wave
conditions comprise the input for MIKE 21 Coupled Model
Flexible Mesh (called hereafter MIKE21 CFM) simulations,
which is the process-based model used in this work; see also
Sections 4 and 5. From these simulations the rate of bed level
change q is extracted for a 2-week simulation period with 1-
hour timestep. This time period allows a detailed sediment
response for the specific triplets and a more accurate esti-
mation of a mean rate q. Let us note that the rates estimated
for the over- and sub-critical wave conditions are appropri-
ately weighted based on the frequency of occurrence of each
selected class.

After the schematization of the over- and sub-critical
wave conditions, from the simulation results, the rate of
bed level change is estimated based on the sediment con-
tinuity equation. The mean rate of bed level change g [m/
day] for each triplet is calculated by

_ > iaGi

a n—1

: 9)
where n is the total number of timesteps during the 2-week
simulation period. The rate of the first timestep g, is consid-
ered as an initialization rate of the simulations and for this
reason, it is excluded from Eq. (9).

For the proposed methodology, the bed level is estimated

by
h(jt) = h(jt-1) +q,

at the tth 1-hour interval for each (Hs, Tp, 6ny) triplet.

Based on the above mentioned description and defini-
tions, the frame of the cost-effective methodology is pre-
sented in Fig. 2. Recapitulating the steps that should be
followed for implementing the proposed methodology, the
following key-aspects should be addressed:

j=1,...n, (10)

1. Obtain wave time series at P;,, points and P4, if wave
data are only available offshore;

2. Calculate bottom orbital velocity, wave shear velocity
and bed shear stress at Pq;

3. If 6" > 6., at P4, then identify the corresponding values of
Hs and Tp at P.y. Based on the timestep of each pair,
extract the corresponding over-critical values of (Hs, Tp)
at Pinn,m. Then, group these pairs and calculate mean
value of 4, for each class;

Timeseries of Calculate bottom orbital
Hs, Tp, 6y, at

Peg and Py,

velocity, bed shear stress,
wave shear velocity at Py

Hs>0.5, Tp at Piy, m (= over-
critical ones)

Identify sub-critical values of
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4. If ' < 6., at P4, then identify these values of Hs that are
both higher than 0.5 m and different from the over-
critical values (from step 3) along with the corresponding
values of Ta Then, group these pairs and calculate mean
value of 6, for each class;

5. Calculate the rates of bed level change with MIKE21 CFM
for both over- and sub-critical values for each
(Hs, Tp, 6n) triplet;

6. Finally, calculate bed level at any location of the inner
model domain via Eq. (10).

3. Study area

The area of interest is Sitia beach that is located in the north-
eastern part of the Prefecture of Lassithi, Crete, on the west
side of the homonymous bay; see Fig. 3. It is a 2-km long
beach with variable width of maximum value around 35 m,
and exhibits a typical U-shape in the NW-SE orientation. Due
to the shape and orientation of the examined beach, the
wave action is confined to the north and north-eastern
directions, which is the primary factor for the settlement
of sediments. At the western part of the beach there is a river
system (Pantelis- or Stomios-river), following dry and wet
periods, that discharges into the bay, and there is also the
homonymous port that can accommodate both small fishing
vessels and larger merchant and passenger vessels.

Fig. 3 also presents an overview of the points mentioned in
Section 2 for the case study of this work. Let us note that in
this case study h.q=6.5m, thus P,y was selected on the
isobath of 6.5 m and in the middle of the longshore direction
of the beach.

The homonym town, Sitia, has become a tourist attraction
the last decades, mainly during the summer period, while
tourist infrastructures (e.g. hotels, restaurants), and in gen-
eral human activities, place pressure on the coastal environ-
ment. Moreover, the main road that connects Sitia with other
tourist destinations at the eastern part of the island, such as
the palm forest Vai, was developed to a great extent beside
the coastal front.

To this end, erosion phenomena are evident due to both
the intensive residential and infrastructure-based develop-
ment of the wider area along with the physical conditions
that seem to be more frequent and of longer duration.

Extract over-critical values
of Hg, Tp at Py

No Identify over-critical values of
Hs, Tp at Pjy,  based on the
same timestep of previous step
]

of Hs, Tp at Py, m and

Grouping of sub-critical values

calculation of 6, for each class

Calculate rates of bed level
change with MIKE21 CFM for
sub-critical classes

Grouping of over-critical values
of H, Tp at Py, and
calculation of 6, for each class

Calculate rates of bed level
change with MIKE21 CFM for
over-critical classes

v

‘ Calculate bed level at various locations with Eq. (10)

Figure 2 Flow chart of the proposed methodology.
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Figure 3  Aerial map of Sitia Bay along with the offshore locations of the input data for the outer model domain (left map), and the
study area of Sitia beach (inner model domain) along with the locations of Pi,, m and P4 (right map) used in the analysis.

Source: Google Earth.

Specifically, at the end of 2016 the front of the coastal road
that is contiguous to the eastern part of the beach collapsed
after the accumulative action of intense weather conditions
that took place the last few years, causing several problems
and safety issues to the local residents and tourists. More-
over, the sediment supply of the beach is relatively limited
while the construction of the adjacent harbour at the wes-
tern part of the coast, in order to serve the needs for tourism
and fishing, puts additional pressures and intensifies erosion
rates.

4. Model setup

As mentioned above, the process-based numerical model
that is used in this study is MIKE21 CFM developed by the
Danish Hydraulic Institute (DHI). MIKE21 CFM is a depth-
averaged two-dimensional numerical model used to study
and simulate a wide range of coastal hydrodynamic problems
including the description and interaction of the relevant
processes, such as currents, waves and sediment transport
in coastal areas, among others. This numerical modelling
software package includes several interrelated modules, of
which the following are used for the purpose of this study: (i)
the hydrodynamic (HD) module; (ii) the spectral wave (SW)
module, and; (iii) the sand transport (ST) module. Through a
dynamic coupling, hydrodynamic and spectral wave compu-
tations are performed simultaneously to calculate sediment
transport rates and update bathymetry at each timestep.
Specifically, sediment modelling is established on: (i) a
depth-averaged hydrodynamic model, based on the depth-
integrated incompressible Reynolds averaged Navier-Stokes
equations; (ii) a phase-averaged wave model, based on the
wave action conservation equation, and; (iii) sediment trans-
port tables calculated in advance for every combination of
current, wave, bathymetry and sediment conditions appear-

ing in the simulation; for a more detailed description of the
three modules, see Belibassakis and Karathanasi (2017).

In the following subsections, the boundary conditions and
the model parameters used for the model simulations are
described for each module, along with some necessary infor-
mation as regards the model grid and wave climate.

4.1. Bathymetry and unstructured grid

As already mentioned, in this analysis, the outer model
domain is used for the transformation of the wave conditions
from the available wave time series towards the shore. This
model domain covers a distance of 7.5 km in the longshore
direction and 7.8 km for the cross-shore one. The total
number of triangular elements in the outer domain is
1,284 with 759 nodes while the maximum size of the ele-
ments is approximately 0.12 km?; see also Fig. 4(a). The
bathymetry of the outer model domain presented in Fig. 4
(b), shows that the seabed topography is quite mild. From the
shoreline up to the isobath of —75m, the contours are
parallel and the maximum depth (—226 m) is observed at
the north-western part of the domain.

As regards the inner model domain, it is divided into two
nested grid domains, going gradually from the outer area with
the lower resolution (i.e. level 1) up to the computational grid
with the highest resolution (i.e. level 2), where the smaller
triangular elements represent areas where the accuracy in the
wave, current and sediment transport calculations are impor-
tant; see also Fig. 5(a) for the representation of the different
levels and the final mesh generation of the examined area.
Specifically, level 1 extends both in the longshore and cross-
shore directions approximately 1.7 km with the area of each
triangular element not exceeding 6,580 m2. Let us note in
advance that the appropriate forces are imposed at the bound-
aries of the outmost level (i.e. level 1) for the generation of
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Figure 4 (a) Mesh with triangles for the outer model. (b) The
bathymetry of the outer model domain.

flow and wave conditions, which in turn define the correspond-
ing boundary conditions of the inmost level (i.e. level 2). The
second, and more detailed, computational grid (level 2)
extends in the longshore and cross-shore directions 1,400 m
and 140 m, respectively, with maximum area of each triangular
cell up to 1,050 m?. The total number of grid cells in the inner
domain is 2,135 with 1,282 nodes.

The bathymetry data of the inner model domain were
digitized from maps of different spatial scales obtained from
the Hellenic Navy Hydrographic Service (HNHS). The above
data were enriched for the outer model domain with bathy-
metric grid points from the European Marine Observation and
Data Network (EMODnet) Digital Bathymetry database with
1/8 of an arc minute (~230 m) resolution (Marine Information
Service, 2016).

In Fig. 5(b), the 2D bathymetric representation of the study
area is displayed in Google Earth for levels 1 and 2. The isobaths

. Level 1 7
( A4

3895500

418800 415000 400 19400 419600 419800 a0 ann a0 a0 ann

Figure 5

(a) Mesh with triangles using two levels for the inner
model domain. (b) The inner model domain showing the bathym-
etry of the examined area.

from —20m to lower depths are generally parallel to the
shoreline and are evenly flattened going from the offshore part
towards the shore. The highest depth (close to —50 m) is
encountered in the north-western part of level 1 while the
10-m isobath is about 410 m from the coastline. In the eastern
part of Sitia beach, there are beachrocks aligned parallel to the
shoreline starting approximately from —1.5 m depth and ending
to the coast. The formations act as natural submerged break-
waters mitigating erosion phenomena at this part of the coast.

4.2. Wave conditions

As regards the wave characteristics of the wider study area,
the analysis is relied on 1-year time series, between 01/01/
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2016 and 31/12/2016, at the middle point of the boundary of
the outer model, i.e. at Py:2 (see also Fig. 3, left map), with
geographical coordinates 35.271°N—26.125°E, obtained from
the Mediterranean Sea Waves database. The relevant informa-
tion include significant wave height Hs, peak wave period Tp
and mean wave direction 6, (measured clockwise from north),
with an 1-hour resolution. These time series were used as input
for the wave propagation from the offshore to the near-shore
using MIKE21 CFM (SW and HD modules). After this simulation,
the spectral time series were extracted for the northern and
eastern boundaries of the inner model domain (with the finest
triangular elements), presented in the right map of Fig. 3, in
order to be used as input for the rest simulations.

The basic statistical measures at P2 include mean value
(m), standard deviation (sd), minimum (min) and maximum
(max) values, 50*" percentile (p50), skewness (sk) and kur-
tosis (ku), and the results are presented in Table 1. On
average, the wave intensity is characterized low with mean
values my, = 0.9m, mr, = 5.08sand my,, = 394.1°. The most
intense wave incident occurred on 6th February 2016 with
Hs =4.8m and corresponding Tp =9.23s and 6, = 344.4°
during a two-day storm. The value of skr, (0.23), close to
zero, indicates that the distribution of the corresponding
data is close to be symmetrical while the highest value of ku
(7.1) is given by Hs indicating a sharp peak of the distribution.

As regards 6p,, the low value of sd (0.6) corresponds to a
circular dataset that is highly concentrated, which can be
also verified in Fig. 6, while sk value close to zero (—0.01)
denotes a unimodal distribution. The wave rose of Hs at
Pout2 is depicted in Fig. 6, along with the corresponding
frequencies of occurrence. The scattering of wave directions
is limited to the sector [285°, 15°] due to the topography and
coast orientation of the study area with the prevailing wave
directions coming from the north direction (sector
[300°,315°]), which are attributed to the very large fetch
(390 km). The highest frequency of occurrence (13%) as
regards wave propagation in the dominant direction is
observed for values of Hs between 0.5m and 1 m while
the corresponding values of Tp exhibiting the highest fre-
quency of occurrence are between 4s and 6 s. Intense sea
states (Hs > 2.5m) with the highest frequency of occurrence
(2%) correspond to the sector [345°,0°].

4.3. Input data

For practical reasons, the period of the simulation is confined
to one year, i.e. from January 1 to December 31, 2016. As
already mentioned the bathymetry resolution for the inner
model domain gets progressively finer as we move from level
1 to level 2, which is the area of interest as concerns the
simulation results and the evaluation of the methodology.

The timestep is set to At =3600s, equal with the time
interval of the available time series. Prior to the description
of the input data for the one-year wave time series, let it be
mentioned that the authors kept some parameters at their
default values since no in situ measurements were available
for calibration of the model.

As regards HD module, the most essential input data
include: wave radiation stress gradients that force the flows,
bed resistance, eddy viscosity and boundary conditions. Eddy
viscosity is based on the Smagorinsky coefficient with a
constant value at 0.28, bed resistance expressed through
the Manning number was fixed (32 m'/3/s) in the entire inner
model domain apart from its south-eastern part due to the
presence of bedrock formations while density is not updated
during the simulation (barotropic mode). Let us note that
tidal potential is very low in Sitia Bay thus it is not considered
in the model setup. At the open boundaries, current velo-
cities (varying in time and along boundary) are used as input
obtained from the simulation results of the outer model while
at the closed boundary, the normal velocity component is set
to zero, assuming full slip boundary conditions.

As in the HD module, the instationary mode as regards
time formulation was adopted in the SW module as well, with
a directionally decoupled parametric formulation. The con-
ditions at the open boundaries (at the north and east side of
the model domain) were kept constant in space (along the
boundary line) and varying in time while the boundary data
consisted of significant wave height Hs, peak wave period Ty
mean wave direction 6, and directional spreading index
n. Additional model parameters were wave breaking speci-
fied by the gamma parameter y,,, = 0.8 constant in space,
bottom friction specified by the Nikurdase roughness ky,
which was varying in space ranging from 6.25mm to
0.25 for level 1, and 1.9 mm for level 2 while for the bedrock
formations the value of 62.5 mm was selected.

Regarding the setting up of the ST module, sediment
transport rates and bed level changes under the combined
action of waves and currents are calculated through inter-
polation of sediment transport tables. These tables are gen-
erated in advance and include the following parameters: root-
mean square wave height, peak period, current speed, wave
height-to-water depth ratio, angle between current and
waves, median grain diameter dso and sediment grading.
The ST calculations are activated at the initial th timestep
while the timestep factor is set to 1, meaning that sediment
transport rates and bed level are calculated every timestep.
Apart from the flow (HD) and wave (SW) forcings, the speci-
fication of sediment properties and the considerations of
morphological impact on hydrodynamics are two important
features that need to be provided for the area of interest. To
this end, as regards the granulometric composition of the
bottom sediments in the study area, the sea bottom consists

Table 1 Basic statistics of the wave parameters obtained from the spectral time series at P,:2 between 01/2016 and 12/2016.
Square brackets denote units of the corresponding wave parameter where necessary.

N m sd min p50 max sk ku
Hs [m] 8784 0.9 0.7 0.1 0.7 4.8 1.8 [-] 7.1 [-]
Tp [s] 5.08 1.53 1.37 5.21 10.15 0.23 [] 2.9 [-]
Om [°] 394.1 0.6 [-] — 396.7 — —0.01 [-] 0.7 [-]
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Figure 7 Time series of Hs and Tpat Pinn, m, for the year 2016. Blue and red dots indicate over-critical values of Hs and Tp respectively.

of sand with an average diameter of dsg around 0.65—0.85 mm
up to the isodepths of 1.5—2 m and with dso between 0.08 mm
and 0.25 mm for depths above 15 m (Anagnostou et al., 2017).
Sediment grading was kept fixed, equal to 1.45, at the entire
model domain. The initial bed layer thickness for all levels was
set to 0.5 m apart from the bedrock part (0.0001 m).

In terms of the representative wave conditions (both over-
and sub-critical ones), the parameters of the model setup
remained the same except for the time formulation (quasi
stationary mode) and the start time of the ST calculations

since all modules were synchronized to start at the same
timestep.

5. Results

5.1. Representative wave conditions

In this work, the time period of the analyzed wave data is
confined between 01/2016 and 12/2016; henceforth, when
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Table 2 Name of location, geographical coordinates, depth and distance from shore for the examined locations.

Location Geographical coordinates (long., lat.) [°] Depth [m] Distance from shore [m]
A (26.1090°, 35.2060°) —1.23 26

B (26.1101°, 35.2050°) —1.42 38

C (26.1113°, 35.2041°) —1.38 37

D (26.1129°, 35.2030°) —1.08 37

E (26.1143°, 35.2024°) —1.57 41

F (26.1158°, 35.2017°) —1.02 39

G (26.1172°, 35.2013°) —0.87 40

H (26.1188°, 35.2007°) —0.58 45

we refer to the full time series of 2016 we use the term
“reference wave data”. The time series of the reference
wave data for Hs and Tp at Pin, is presented in
Fig. 7. Consecutive intense wave conditions, with Hs above
1.5m, occurred mainly during the last two months of the
examined year. In the majority of the timesteps, high values
of Hs correspond to high values of Tpas regards the examined
location, rendering these pairs candidates for the initiation
motion of sediments. According to the methodology, the first
step is to calculate representative orbital velocity, bed shear
stress and wave shear velocity by using the Hs and Tp time
series of P.q by applying Eqs. (4), (5) and (8), respectively.
Based on the calculation of the Shields parameter and its
threshold value, the over-critical wave conditions at P4 are
determined. Classifying the reference wave data at P4 into
classes of Hgand Tp with intervals 0.5 mand 1 s, respectively,
we obtain Fig. 8(b). From this figure it can be noticed that the
lower threshold values for the onset of sediment transport,
based on the Shields criterion, correspond to waves higher
than 1 m with peak period between 6 s and 10 s and mean
wave direction around 25°—29° as regards Pq.

Identifying the corresponding wave conditions at the
boundary of the inner model, i.e. at Piy, m, the corresponding
threshold values are presented in Fig. 8(a) with the blue
outline having minimum values 1.5 m and 6 s for Hs and Tp
respectively, and in the range [355°, 5°] for . As a whole,
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Figure 9 (a) Map of the examined area (from Google Earth)

indicating the locations for the estimation of bed level based on
the proposed methodology at Sitia beach. (b) Photo near location
G indicating erosion problem.
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nine representative intense wave conditions (i.e. over-cri-
tical pairs) were taken into account for the estimation of
rates of bed level change over the examined period. From the
same figure, the calm (sub-critical) wave conditions were
derived by further grouping these classes into eight repre-
sentative calm wave conditions with the same interval for Hs
and a varying one for Ty depending on the bivariate histo-
gram. Let us remind that small values of Hs (i.e. <0.5 m) are
not considered in the next steps of the technique since the
model runs of the sensitivity analysis, performed by the same
authors, demonstrated that such waves present almost neg-
ligible quantities of sediment transport rates. Altogether, 17
(Hs, Tp) pairs, along with the corresponding values of 6, are
considered in the analysis, which were simulated separately.

5.2. Application of the methodology at the
examined coast

Eight shallow locations are selected for examining the meth-
odology described in Section 2; their geographical location,
depth and distance from shore are given in Table 2. These
points cover a distance of approximately 1,100 m along the
coast with their in-between distance being around 150 m;
their location on the map is shown in Fig. 9(a).

As regards the over-critical (Hs, Tp) pairs, the values of
rates of bed level change for locations C, D, E, F, Gand H are
negative, with values between —0.003m/day and
—0.036 m/day. In general, the eastern locations (i.e. E, F,
G and H) present the highest negative rates of bed level
change while the western locations A and B are characterized
by negative and positive rates of varying magnitude. With
respect to the sub-critical (Hs, Tp) pairs, smaller, negative
and positive, rates of bed level change are provided by all
locations compared to the above pairs with the highest
positive value (0.034 m/day) encountered at location E
and the highest negative value (—0.033 m/day) at location F.

A more analytic representation for estimating bed level
with the proposed methodology is given in Fig. 10 for location
A, and in Fig. 11 for location F regarding specific represen-
tative (Hs, Tp) pairs. At the left panels of the above figures,
the vertical lines denote the time windows of the over-
critical (Hs, Tp) pairs in terms of sediment initiation; in
the examined annual time scale, 30 time frames were iden-
tified by the methodology. At the right panels of the same
figures, the rates of bed level change are plotted for the two
different types of representative wave conditions (i.e. over-
and sub-critical). As it was expected, the rates of bed level
change for the over-critical (Hs, Tp) pair present higher
values compared with the sub-critical pairs at both locations.

Specifically, as regards location A, the pattern of the over-
critical wave case shows some resemblance with the sub-
critical one; in both cases, the rate of bed level change
strongly fluctuates during the 2-week simulation, taking
mainly positive values, while at the 8th day of simulation
a relative stabilization is evident. On the other hand, for
location F, the rates present a dissimilar behaviour from
location A; the rate of bed level change seems to be stabi-
lized around zero after eight days of simulation for the over-
critical representative wave conditions while it takes con-
stantly negative values, after the second day of simulation,
with bigger fluctuations for the sub-critical ones.
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Figure 10  (a) Wave parameters along with bed levels obtained

from the two approaches. (b) Rates of bed level change obtained
from the proposed methodology for one over-critical and one
sub-critical representative wave condition at point A.

In Fig. 12, the values of bed level obtained from the
simulations results of MIKE21 CFM with the reference wave
data as input, represented by the dashed line, and the
proposed methodology, represented by the solid line, are
plotted at the examined locations. From this figure, the
following comments can be summarized:

e Locations B and D exhibit a very good agreement between
the two approaches; throughout the year, the correspond-
ing bed levels follow the same tendency and are very close
with each other while as regards the last month, the
deviation between the two bed level values is 0.7 cm
and 0.4 cm, respectively, which are the smallest differ-
ences among the examined cases.

e Locations A and C, which follow a bathymetric profile with
smooth to intermediate slopes (not shown here), and
location H as well, exhibit medium-size deviations at
the end of 2016, with values between 2.2cm and
2.8 cm, respectively; however, the resemblance of the
pattern that the two lines follow throughout the year is
rather poor.
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Figure 11  (a) Wave parameters along with bed levels obtained

from the two approaches. (b) Rates of bed level change obtained
from the proposed methodology for one over-critical and one
sub-critical representative wave condition at point F.

e The locations E and F, with the latter having a steep
bathymetric profile, exhibit the second largest deviation
at the end of 2016 (4.5 cm) but the lines indicating the bed
levels are in accordance in terms of the trend.

e Location G (see also Fig. 9(b)) presents the highest devia-
tion (6.6 cm) compared with the reference time series.
e The bed level slope at locations A, B and C is positive
indicating accretion in the western side of the Sitia coast
while location D is characterized by a small negative slope
(i.e. erosion pattern). Locations E and F present a steeper
positive slope than the western locations, and locations G
and H exhibit a higher negative slope than location D,
implying more distinct erosion patterns. Overall, this
behaviour coincides quite satisfactorily with the real
situation encountered in the Sitia coast during the exam-
ined period, where the eastern part has been eroded to a

great extent leading to the collapse of the retaining wall
of the coastal road.

6. Discussion

The scope of this work was to reduce the reference wave data
(of one-year duration) into two groups, i.e. (i) the over-
critical (Hs, Tp) pairs that fulfil the Shields criterion leading to
sediment initiation, and (ii) the sub-critical (Hs, Tp) pairs that
do not fulfil this criterion, in order to significantly reduce
computational times and compare the estimated bed level
values with the full case. The results of the proposed meth-
odology compared to the ones obtained from utilizing the
entire time series of the available wave data present similar
trends, and the differences remain under 7%.

In this connection, some notable aspects should be
remarked. Various sources of uncertainties as regards the
discrepancies can be attributed to the assumptions that are
imposed throughout the adopted technique. For instance,
turbulence caused by wave breaking is not considered
although it can be a source of sediment mobilization. Other
uncertainties deal with the calculation of bottom orbital
velocity, related indirectly with the Shields criterion, that
does not take into account the presence of currents while the
assumed spectral form might also influence bottom orbital
velocity. For more details in terms of the potential sources of
error in the calculation of bottom orbital velocity from wave
spectral parameters such as Hs and Tp see further assump-
tions provided by Wiberg and Sherwood (2008). Furthermore,
in the context of the sensitivity analysis, the authors followed
an alternative way to estimate bottom orbital velocity and
friction factor. The corresponding values derived from the
simulation results of the reference wave data reached com-
mon over-critical combinations of Hs and Ta

Another potential source of uncertainty could be the
estimation method of the mean rates of bed level change.
Many dissimilar ways were tested by the authors including
mean rates from one week, different mean rates based on the
(Hs, Tp) pairs and the examined location, mean rates calcu-
lated with a smaller time interval during the simulation runs
etc. However, the adopted approach showed consistently
better performance in terms of bed level prediction.

Let us also highlight that a more proper and fair comparison
would be to assess both results from model simulations with in
situ measurements of bed level at the site of interest. The
absence of real measurements has a twofold effect: (i) it places
the comparison into relative terms, and (ii) it renders model
calibration infeasible, thus the model results per se should be
used with caution. Nevertheless, such comparison is beyond the
scopes of this study. Moreover, due to the lack of real measure-
ments, it is also recommended not to apply speed-up techni-
ques since they require careful calibration and validation.

Another worth-mentioning fact refers to the distribution
of wave direction. Specifically, the range of wave directions
that affect significantly the morphological (bed level) con-
ditions of the examined beach is very narrow since in the
majority northern wave directions are dominant. This fea-
ture along with the gentle bottom slope and the uniformity of
the coast as regards its shape render the study area a simple
and easy example to implement this methodology compared
to more complex cases.
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Figure 12 Bed levels derived from MIKE21 CFM (dashed red line) and the proposed methodology (solid black line).

In reference with the overall computation time of the
model simulations, there is a striking discrepancy between
the two approaches. For MIKE21 CFM with the full reference
wave data as input, the total runtime was 542 h while for the
17 representative wave cases of the proposed methodology,
the corresponding runtime was 2 h. Let us note that all
simulations were conducted on an i7-2600 CPU server with
16 GB RAM and 3.40 GHz processor. Although current version
of DHI is designed for parallel computing using graphics
processors and could significantly accelerate the calculation
process, still the present approach contributes to a significant
runtime reduction, which for the particular non-parallel com-
puting setup used is of the order of 99.6%. The latter result is
quite impressive compared to the outcome presented in
Fig. 12, at least for the case-study examined, characterised
by mild bottom topography and coastal characteristics, and
regularly in the distribution of offshore wave directions.

7. Conclusions

A cost-effective methodology is introduced to estimate long-
term effects of waves represented by specific pairs of wave
characteristics instead of the full wave time series, which is
very demanding as regards computational cost. The proposed
method is relatively easy to be applied and input reduction
consists in defining the representative wave classes through

(Hs, Tp) pairs with reference to the Shields parameter criter-
ion. A number of 17 representative wave conditions were
derived from the reference wave data of the available time
series with one-year duration. From the moment the over-
critical wave conditions are found, the sub-critical wave
classes can also be identified along with the corresponding
frequency of occurrence; in this way, the full time series of
wave height, period and direction can be appropriately
classified into representative wave conditions. Having these
triplets to hand, the dynamic coupled current-wave model-
ling, including the interaction with sediment transport, for
each representative condition provides the desirable rates of
bed level change, from which the final bed level can be
estimated.

Comparing the values of bed level from the representative
wave conditions with those from the reference time series,
there was a good agreement for the examined locations, with
the differences remaining under 7% at eight selected locations
along the examined coast. Moreover, the bed evolution ten-
dencies of the proposed methodology at the examined loca-
tions conform with the outcome from the full wave time series
and the situation encountered in reality. For this reason, the
suggested technique can be considered as a useful tool for
reducing considerably computational cost in particular.

The results from the present analysis verify the fact that
both intense wave conditions and calm periods should be
taken into account when bed level (or shoreline) evolution is
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examined. However, the proposed method was applied to a
wave-dominated coast in the Sitia Bay with a limited range of
incoming wave directions. Consequently, further improve-
ments and validations should be made in order to take into
consideration additional factors that influence sediment
transport and bed level, such as currents, and examine the
methodology at more complex areas, where preferably in situ
measurements are available. Moreover, the impacts of a finer
resolution of the involved wave parameters during the dis-
cretization process and a longer reference time series can be
also analyzed.
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