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The Bay of Koper is influenced by agricultural, urban, and port activities, therefore
pollution from trace metals is a concern. A total of 20 sediment samples obtained from
four 10-cm sediment cores were analyzed. Element concentration in the sediment of
the bay was determined spatially and temporally from the recent surface to depth. The
results were correlated with the composition and diversity of the benthic foraminiferal
assemblages. Major element concentrations indicate natural lithogenic origin (which
is also confirmed by mineralogical features). The benthic foraminiferal assemblages
in sediment samples, although mainly composed of representatives of the Rotaliida,
show moderate to high species diversity and are dominated by the pollution tolerant
species Ammonia pakinsoniana, Haynesina sp., Valvulineria bradyana and the non-
keel Elphidium sp. and subordinated by Ammonia tepida and Haynesina depressula.
Canonical correspondence analysis (CCA) on foraminiferal species and trace element
concentrations shows a possible control of some potential toxic elements (i.e., Cu, Ni,
Pb, Zr, Cr, As) on the diversity and taxonomic composition of foraminiferal assemblages.
Nevertheless, foraminiferal diversity and dominance in the bay are related to sediment
characteristics such as sediment grain size, and the amount of terrigenous inflow
rather than to the element concentrations of sediments. This study evaluated ecological
conditions by using the Foram-AMBi and EcoQS indices. The values of the Foram-AMBI
index reflect the good to moderate quality of ecological conditions, whereas high to poor
ecological statuses were interpreted by calculating EcoQS.

Keywords: marine sediments, major, minor and trace elements, benthic foraminifera, geoenvironmental
assessment, Bay of Koper, Northern Adriatic
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INTRODUCTION

The Adriatic Sea is one of the largest recent epicontinental
seas in the world and a young marine ecosystem that was
subject to various natural and anthropogenic processes during
the Holocene: marine transgression (Trincardi et al, 1994;
Correggiari et al., 1996), regional climate fluctuations (Giani
etal., 2012; Appiotti et al., 2014), and urbanization and pollution
(Lotze et al., 2006; Cozzi and Giani, 2011). The Bay of Koper in
southern part of the Gulf of Trieste (north-eastern Adriatic Sea),
represents an area of particular interest, where the most recent
anthropogenic pressure was generated by industrial and domestic
activities along the coast. The Bay of Koper is characterized
by the Port of Koper, one of the most important ports in
the northern Adriatic. Through its activities, the port covers a
wide range of freight transport (Cepak and Marzi, 2009) and in
recent years also international passenger transport, organized in
12 dedicated terminals along 2 piers. The port’s annual cargo
throughput is growing since the 90s of the 20" century and has
already counts some 20 million tonnes per year in 2015. With
its activities, the port represents a potential source of pollution
for different environmental matrices: air, water, sediments, and
soil. Therefore, several studies have been carried out on this issue
(Zitnik et al., 2005; David et al., 2007; Cepak and Marzi, 2009;
Zuin et al., 2009; Mladenovi¢ et al., 2013; Zupanci¢ and Skobe,
2014; Rogan Smuc et al.,, 2018). The results of above mentioned
studies show that the ecological quality status of the seafloor
sediments and water is better than in other ports of the Eastern
Adriatic, that the accumulation of pollutants in the sediments is
less significant due to the sedimentological characteristics (i.e.,
mineralogy, grain size) and the advective transport of particles.

In addition, industrial and municipal wastewater damage the
coastal area (the amount of wastewater rises considerably during
the summer months). Rivers (especially those along the southern
Slovenian coast) also contribute by delivering sediment loads
from their catchments (Cozzi et al., 2020). Due to generally
superficial clockwise (Malaci¢ and Petelin, 2001) sea currents,
the bay may also be threatened by pollutants from the northern
parts of the Gulf of Trieste, which is also highly industrialized
and urbanized (Adami et al., 1996; Barbieri et al., 1999; Cibic
et al., 2008; Cepak and Marzi, 2009; Aquavita et al., 2010). All
of these anthropogenic pressures may lead to the accumulation
of pollutants in the coastal environment and affect the natural
conditions of the area (Dassenakis et al., 2003).

Recent decades have seen increased concern over the
management and protection of these nearshore marine areas,
and considerable efforts have been made to develop tools to
assess their environmental and ecological status (Borja et al.,
2008; Birk et al, 2012). The main objective of these efforts
is to use the pollutants, physico-chemical parameters, and
biological elements of the ecosystem to assess the status in an
integrated manner (Borja et al., 2008). Among the biological
indicators, benthic species are preferred due to their main
characteristics: reduced motility, high diversity, and a life span
that allows for the monitoring of the short, medium or long-
term effects of any discharged substances (Solis-Weiss et al.,
2007 and references therein). The resulting species composition,

replacements, eliminations, diversity, or changes in abundance
may indicate the recent history of events affecting the area
(Solis-Weiss et al., 2001).

Benthic foraminifera — protozoans that live as epiphytic,
epifaunal, or infauna on soft sediments from transitional and
coastal environments to the deep sea - are useful ecological
indicators of depositional dynamics owing to their abundance
and adaptations to different environmental conditions (i.e.,
Kaminski et al., 2002; Oldfield et al., 2003; Morigi et al., 2005;
Bouchet et al., 2007; Gooday et al., 2021; Romano et al., 2021).
The usefulness of foraminifera for such studies stems from their
short life cycles, high biodiversity, and the ecological preferences
of known species (Murray, 2006). Because benthic foraminifera
are small and abundant compared to other hard-shelled taxa,
they are easy to collect, and small sample sizes can provide a
reliable database for statistical analysis (Frontalini and Coccioni,
2008). They are among the best tools to study human-induced
marine degradation over long periods of time using sediment
cores (Yasuhara et al.,, 2012). Several ecological studies on the
effects of element content (trace metals) on modifications and
changes in foraminifera (Jorissen, 1987; Alve, 1991, 1995; Yanko
et al.,, 1998; Angel et al., 2000; Coccioni, 2000; Debenay et al.,
2001; Armynot du Chatelet et al., 2004; Bergin et al., 2006; Burone
et al., 2006; Ferraro et al., 2006; Frontalini and Coccioni, 2008;
Frontalini et al., 2009; Rumolo et al., 2009; Vidovi¢ et al., 2009,
2014, 2016; Caruso et al., 2011; Yasuhara et al., 2012; Popadi¢
et al, 2013; Romano et al., 2016) have been made, many of
them in gulfs with port activities. Studies in the Gulf of Trieste
show a minor increase in foraminiferal diversity in areas with
intensive agricultural and maricultural activities (Vidovic et al.,
2016). Higher concentrations of trace elements due to industrial
activities in the Gulf of Rijeka resulted in the dominance of stress-
tolerant epifaunal foraminiferal species (Popadic¢ et al., 2013).

Studies of benthic foraminifera in the Adriatic Sea have
shown that organic matter is an important controlling factor for
assemblage abundance and diversification (Jorissen, 1987, 1988;
Coccioni et al., 2009; Melis et al., 2019). Thus, the foraminiferal
distribution pattern follows the granulometric characteristics of
the seafloor sediments (Jorissen, 1987, 1988).

In last decades, the sediment in the Gulf of Trieste has
been intensively studied in numerous environmental studies
focused on elemental (heavy metal) distribution in relation to
anthropogenic impacts (Donazzolo et al., 1981; Brambati and
Catani, 1988; Hohenegger et al., 1988, 1993; Faganeli et al., 1991;
Ogorelec et al.,, 1991; Adami et al.,, 1996; Colizza et al., 1996;
Covelli and Fontolan, 1997; Barbieri et al., 1999; Horvat et al,,
1999; Covelli et al., 2006, 2012; Cibic et al., 2008; Aquavita
et al., 2010; Vidovi¢ et al., 2016; Melis et al., 2019). Some studies
showed positive correlations between abundances of tolerant
taxa (especially Ammonia spp., Bolivina spp. and Bulimina spp.)
and increased concentrations of Ni, Zn, and As (Frontalini
and Coccioni, 2008; Melis et al., 2019). Sediment from Bay of
Koper were classified as silty clay, rich in foraminiferal and
molluscan fragments (Ogorelec et al., 1987, 1991; Rogan Smuc
et al.,, 2018). The grain-size of the sediment increases toward
the central part of the bay (Ogorelec et al., 1987). Most of trace
elements (such us Cr, Cu, Zn, Cd, Ni) are following the organic
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matter content in sediment which was shown with the same
distribution pattern of these two parameters (Ogorelec et al.,
1987; Faganeli et al., 1991). The contents of trace elements in
the surface sediments of the Bay of Koper are comparable to the
geochemical background of this area (Ogorelec et al., 1987). To
date, there is no study in the Bay of Koper that evaluates the
impact of the anthropogenic influence on benthic foraminifera
and geochemical proxies.

The integrative approach we propose to assess the potential
anthropogenic impacts (port activities, industry, municipal
activities, tourism) on the Bay of Koper is based on the
benthic foraminifera assemblages. The study is focused
on the spatio-temporal comparison of mineralogical and
geochemical properties (element concentrations) of sediments
and benthic foraminifera from four sites in the bay with
different degrees of anthropogenic load. This work contributes
to detect anthropogenic stress against a background of natural
conditions in the southern part of the Gulf of Trieste. For
ecological condition evaluation, Foram-AMBi and EcoQS
indices were calculated.

STUDY AREA

The Bay of Koper on the Northern Adriatic Sea (Figure 1A)
constitutes the enclosed south-eastern part of the Gulf of Trieste.

The bay covers approximately 35 km? and stretches from Izola in
the south to the cliffs of Debeli rti¢ in the north. Two rivers, the
Rizana and the Badasevica, flow into the bay.

The Gulf of Trieste/Trst coast geologically consists mainly
of Middle Eocene Flysch, whereas Cretaceous — Early Eocene
limestone outcrops in its southern part along the Istra
Peninsula, in the core of the Izola Anticline and north
of the city of Trieste/Trst (Figures 1A,B; Plenicar et al,
1973; Pav$i¢ and Peckmann, 1996; Placer et al., 2004, 2010;
Vrabec and Rozi¢, 2014).

The base rock below Gulf of Trieste/Trst, and in areas north
of the gulf, is covered by Pliocene-Pleistocene fluvial deposits
(mainly sand, gravel, and silty clays) occasionally interrupted
by marine and brackish sediments. These do not outcrop but
are covered by two types of Holocene deposits. The first are
fluvial/deltaic deposits found on the mainland: coarse-grained,
carbonate-siliciclastic So¢a/Isonzo River sediments characterize
the northern rim of the gulf, whereas to the south the
Rizana and Dragonja rivers contribute fine siliciclastic material
with brackish environments at river mouths (Plenicar et al.,
1973). The second are marine deposits found on the sea
bottom in the gulf. These are fine-grained clastic sediments
(sandy silt, clayish silt, silt and silty sands) with common
foraminifera, bivalve and gastropod shells (Ogorelec et al., 1987,
1991, 1997). The Holocene transgression is dated with the
radiocarbon method at 8.270 £ 50 yr BP - 9.160 £ 120 yr BP
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FIGURE 1 | (A) Geographical and geological map of investigated area. (B) Enlarged boxed area from Figure 1A with sampling locations. (C) Bay of Koper with

sampling locations (http://gis.arso.gov.si/atlasokolja/).
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(Ogorelec et al., 1981; Covelli et al., 2006). The thickness of
the marine sedimentary cover varies from 0 meters in coastal
areas to several tens of meters in the central part of the
gulf (Romeo, 2009; Slavec, 2012; Vrabec et al., 2014; Trobec,
2015; Trobec et al, 2018). Specific sub-recent sedimentary
environments are represented by the Selovlje and Strunjan
Salinas (Ogorelec et al., 1981).

MATERIALS AND METHODS
Sampling

Sediment samples were collected at four sites in Koper Bay during
the summer of 2014 (Figures 1B,C). Three sampling sites were
located in the Port of Koper, KPF1 (13°44021'E, 45°33,108'N,
water depth 13.6 m) and KPF2 (13°43'51.10"E, 45°33/5.67"N,
water depth 13 m) in the part of the port with the highest activity,
and KPF3 (13°44,318'E, 45°33,489'N, water depth 13.2 m) near
the outflow of Rizana River. The reference sampling sites REF
(13°42,321'E, 45°34,320'N, water depth 18.5 m) were positioned
outside the port near the anchorage in the fairway to the port and
have been considered as reference sampling sites by the National
Institute of Biology for decades.

The sediment samples were taken with a gravity sampler using
plastic cores (10 cm diameter) to avoid metal contaminations.
Two cores were collected at each location, one core was
dedicated to meiofaunal analysis and other was used for
geochemical and mineralogical studies. The upper 10 cm of the
sediment was immediately sliced into 2-cm thick depth intervals
and marked with numbers/1 = 0-2cm,/2 = 2-4cm,/3 = 4-
6cm,/4 = 6-8cm,/5 = 8-10cm. The sediment samples were stored
in clean plastic bags and immediately frozen. The sediment
samples derived from the cores dedicated for the geochemical
and mineralogical analysis were freeze-dried (lyophilized) until
a constant weight was achieved. The samples were further
homogenized and crushed to a fine powder using an agate mortar.

Mineralogical Analyses

The general mineral composition of the sediment samples was
measured by X-ray powder diffraction using a Philips PW3710
X-ray diffractometer with CuKa; radiation and a secondary
graphite monochromator. The data was collected at 40 kV with
a current of 30 mA at a speed of 3.4° 20 per minute in a
range from 2 to 70° (26). Oriented clay mineral aggregate was
also performed using a household kitchen blender, an ultrasonic
bath, ultracentrifugation, and the common glass slide method.
In order to show the extent of expansion and/or concentration
in the d-spacing that would indicate certain clay minerals, the
oriented samples were air dried, glycolated with ethylene glycol,
and heated to 550°C for 2 h. Diffraction patterns were identified
using X’Perth Highscore Plus 4.6 diffraction software using the
PAN-ICSD database and the full pattern fit method (Rietveld) for
the quantitative mineral phase analysis.

Geochemical Analyses
Multi-elemental analyses of total elemental concentrations were
performed using a portable handheld ThermoFisher Niton

XL3t-GOLDD 900S-He X-ray fluorescence (XRF) analyzer.
Approximately 3 g of powdered sediment samples were pressed
into pellets using stainless steel capsules, a hammer and a pellet
press tool. Two factory setting modes were used during the
measurements: “Mining” mode for major elements and “Soil”
mode for trace elements. When measuring with using “Mining”
mode, helium (He) gas was purged in the analyzer, allowing
better detection of light elements (Mg, Si, Al, S, and P). The
measurement time on each sample was 210 s in “Mining” mode
and 180 s in “Soil” mode. The accuracy and precision of the
sediment analyses were evaluated using the pre-calibrated 24
reference standards (NIST, USGS) and the NIST-1d (limestone)
and NIST-88b (dolomitic limestone) standards at the beginning
and end of the measurement. According to the 2 replicate
measurements of sediment samples and measured references
analytical quality was satisfactory for almost all elements.

Foraminiferal Analyses

The sediment samples from the cores dedicated for foraminiferal
analyses were stained in a 70% (ethanol/2g L'!) Rose Bengal
mixture (Walton, 1952). To obtain a good staining, the samples
were treated with Rose Bengal for at least two weeks (Schonfeld
et al, 2012). Specimens were considered “alive” when all
chambers expect the last one or two were well stained (Caulle
et al., 2015). In the laboratory, the samples were wet sieved,
repeatedly rinsed with fresh water, through a 63 pum mesh
sieve, and dried at room temperature. From each sample,

TABLE 1 | The list of 51 identified taxa that have been assigned to ecological
groups from the most sensitive to organic enrichment (Group 1) to the 15! order
opportunists (Group V) for the Foram-AMBI calculation.

Indifferent taxa
(Group Il)

Sensitive Taxa
(Group 1)

Opportunistic taxa
(Groups lll - V)

Adelosina spp.
Adelosina cliarensis
Adelosina longostira
Adelosina
mediterranensis
Spiroloculina excavata
Siphonaperta aspera
Quinqueloculina
laevigata

Miliolinella subrotunda
Triloculina oblonga
Triloculina tricarinata
Triloculina trigonula
Sigmoilinita costata
Reussella spinulosa
Eponides
concameratus
Neoconorbina terquemi
Rosalina floridensis
Rosalina macropora
Lobatula lobatula
Asterigerinata mamilla
Ammonia
parkinsoniana
Elphidium crispum
Elphidium macellum

Quinqueloculina parvula
Triloculina marioni
Bolivina pseudoplicata
Bolivina variabilis
Globocassidulina
subglobosa

Ammonia beccarii
Elphidium advenum
Elphidium decipiens
Elphidium translucens
Haynesina depressula
Nonion sp.

Reophax nana — Il
Eggerelloides scaber —
Il

Textularia agglutinans —
Il

Textularia bocki — Il
Quinqueloculina
seminulum — Il
Bolivina spathulata— Il
Bolivina striatula — Il
Bulimina elongate — I
Bulimina marginata — lll
Rosalina bradyi — I
Asterigerinata

adriatica — Il
Aubignyna perlucida —
Il

Eilohedra vitrea — IV
Bolivina dilatata — IV
Bulimina aculeata — IV
Valvulineria bradyana —
Y

Nonionella opima — IV
Ammonia tepida — IV
Nonionides turgidus -V
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using the Reich microsplitter, at least living + dead 200 -
300 foraminiferal tests (Murray, 2006; Martinez-Colon et al.,
2018) were picked. The study of foraminiferal assemblages was
carried out on the total assemblage instead of on the living
assemblage. The total population is a more reliable indicator of
assemblages because all of the seasonal variations are integrated
into it, and no seasonal variation of living species will be
overemphasized (Scott and Medioli, 1980). Considering the
sedimentation rate of about 0.25 cm/year for the area in the
immediate vicinity of the sampling area (Ogorelec et al., 1997),
the collected cores probably provide information for the last 4-
5 decades.

The specimens were examined under a stereomicroscope
and identified according to the generic taxonomy Loeblich
and Tappan (1987) and to species level when possible (due
to size < 63 pm), following studies on Mediterranean and
Adriatic foraminifera (Cimerman and Langer, 1991; Sgarrella
and Moncharmont Zei, 1993; Cosovi¢ et al., 2011; Hayward
et al., 2021) and the species names follow the World Modern
Foraminiferal Database (World Register of Marine Species,
2021).

Elpidium specimens that lack elements to be classified at the
species level, were divided into two groups based on different life-
strategies (have a keel or not, being infaunal and epifaunal, after
Murray, 2006; Vidovic et al., 2009, 2016).

Species with relative abundances greater than 10%
are considered abundant, those between 5 and 10% are
considered common, and those below 5% are considered
rare (Lo Giudice Cappelli and Austin, 2019). For all studied
assemblages, species diversity, expressed as Species richness
(S), the Fisher oa-index, the Shannon H-index (which
considers both the abundance and evenness of species),
and dominance (Simpson and Berger-Parker indices) were
calculated. Species diversity is affected by salinity (Murray,
1991), values of Fisher a-index > 5 indicate normal marine
salinity, while hyposaline and hypersaline conditions are
characterized by low species diversity (index values < 5).
These indices were computed for all assemblages using free
statistical software PAST (PALentological Statistic; version 2.14;
(Hammer et al., 2001).

The Foram-AMBI index was calculated (Foram-AMBI = [(0
*%GRI) + (1.5 *%GRII) + (3 *%GRIII) + (4.5 + %GRIV) + (6
*%GRV)]/100) according to Borja et al. (2000). Foraminiferal
species are grouped in five ecological groups according to
their sensitivity to organic matter enrichment (from the most
sensitive GRI to the 1st order opportunists GRV, Table 1). For
the calculation only species assigned to the ecological groups
(Alve et al,, 2016; Jorissen et al., 2018; Dubois et al., 2021;
Parent et al, 2021) were used. The unassigned species are
excluded from the data set before the proportion is calculated
(Borja et al., 2000, 2008). The proportion of the five groups
sums up to 1. The index ranges from 0 (100% of species
GRI) to 6 (100% of species GRV) reflecting the degree of
pollution and considers an individual species sensitivity to
environmental stressor.

Five EcoQS categories (high, good, moderate, poor or bad)
classify coastal waterbodies according to ecological quality

statuses. The EcoQS was reconstructed (Bouchet et al., 2012) by
applying diversity index exp (H’.). Species diversity index H” was
calculated using the SpadeR program (version 2016, Chao and
Shen, 2003; Chao et al., 2016; El Kateb et al., 2020). The classes
boundaries are from Bouchet et al. (2012) and Hess et al. (2020).
Sample KPF3/3 which contained < 100 foraminiferal tests were
excluded from calculation).

Statistical Analyses

Statistica 13.3 software was used for basic statistical analyses
(median, min., max.) for both mineralogical and geochemical
data (Supplementary Tables 1-3). Canonical correspondence
analysis (CCA) was applied to construct site/species matrix for
31 environmental variables (10 from X-ray diffraction analyses
and 21 from the X-ray fluorescence analyses) and to identify
correlations within and between the data sets. The free statistical
software PAST package (Moore and Reynolds, 1997) was used
for these analyses.

The strength of the correlation between the variables was
measured using the correlation coefficient “r”, also known as
Pearson’s r or the product-moment correlation coefficient. The
values of the correlation coeflicient r range from zero, indicating
no correlation between variables, to + 1, indicating full positive
or —1, indicating full negative correlations (Hammer et al., 2001).
The Spearman Rank Order correlation coeflicient was measured
between the multivariate components (CCA) with the highest
percentage of variance (axes 1 and 2) and the mineralogical and
geochemical data.

To better define the relationships between the variability of
foraminiferal species and environmental conditions, statistical
analyses (canonical correspondence analysis, CCA) of the total
foraminiferal assemblages were carried out using the PAST
program package (Hammer et al., 2001). Prior to the analyses an
additive logarithmic transformation log (x + 1) was performed on
standardized data (relative abundances of foraminiferal species)
in order to reduce the significance of extreme values, reduce the
contributions of common species, increase the contributions of
rare species and normalize the data (Hammer and Harper, 2006).

RESULTS

Mineralogy of Sediment

Mineralogical analysis of the sediments of the Bay of Koper
revealed the following mineral composition (Figure 2 and
Supplementary Table 1): quartz (median 39.9%), calcite (median
29.4%), illite/muscovite (median 25.1%), Na-Ca-plagioclase
(median 3.9%), dolomite (median 1.1%), chlorite group (median
0.6%), pyrite (median 0.4%) and kaolinite (median 0.1%). Certain
differences in mineral composition between the sampling sites
were found. Higher concentrations of minerals characteristic
of siliciclastic rocks (quartz, plagioclase, muscovite) were
encountered at coastal sites (KPF1, KPF2, KPF3). The offshore
reference site (REF) was characterized by elevated concentrations
of carbonate minerals (calcite, dolomite) were measured.

Frontiers in Marine Science | www.frontiersin.org

April 2022 | Volume 9 | Article 812622


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zvab Rozig et al.

Shelf Sediments: Geochemistry and Foraminifera

|H
m
n

0-2
2-4
4-6
6-8
8-10

Depth (cmbsf)

Depth (cmbsf)
2
o

[%]

o
m
m

0-2
2-4

6-8
8-10

Depth (cmbsf)
»
)

Cao

[%]

REF
02
2-4
46
6-8
© 810

epth (cmbsf)

TiO,

[%]

Depth (cmbsf)

©
o
e
=]

Cr,0,

[%]

Depth (cmbsf)

Depth (cmbsf)

8-10

8-10

[%]

Depth (cmbsf)

= 02 39.7
é 2-4 40.7
39.0 Z 46 42.3
39.9 3 2 68 42.7
39.7 KPF3 S g19 42.9
40.5 o2 g
39.4
KPF2 KPF1
Sc 0-2 41.6 = 0-2 41.4
£ 24 420 £ 24 420
= 46 424 2 46 43.0
2 68 43.1 E- 6-8 42.2
© 8-10 427 © 810 41.7
R ° ° R 8
= 02 4.4
2 24 4.3
4.7 = 46 4.6
4.8 T 68 4.7
g
4.8 KPF3 8-10 4.8
4.9 ©o N w
4.9
M pr2 KPF1
= 02 50 ¢ 02 5.0
3 24 50 £ 24 5.0
2 a6 51 3 46 5.1
2 68 50 § 68 a0
S g0 50 ° 810 5.1
o N w Q& S
= 02 10.7
£ 24 105
12.1 = 46 10.3
12.4 2 68 10.1
12.3 KPF3 S g.10 100
125 SEEY
125
pF2 KPF1
H KPF2
= 02 105 ¢ 02 100
2 24 09 £ 24 10.1
= 46 120 ¢ 46 10.2
5 68 120 § 68 ——
Sg10 109 ° 810 10.1
oy ©Tog
= 02 0.6
£ 24 0.6
g
2 46 0.7
2 68 0.7
KPE3 S g 10 [Ijos
° 33
KPF2 KPF1
= 02 < 02
£ 24 ‘g 24
= 46 = 4-6
2 68 2 68
Sg10 © 810
. 0.03
2 0.02
£
é’— 0.03
s 0.03
Q
KPF3 0.02
° 8
KPF2 KPF1 5
- 0.02 = 0.02
-g 0.03 -g 0.02
< 0.02 = 0.02
= =
B 0.03 & 0.02
= 0.02 e 0.02
o v o ©
g g
= =]

[%]

Depth (cmbsf)

[%]

32

Depth (embsf)

Eoasno
o

Depth (cmbsf)
»
o

10.0
10.2
10.0
10.4
9.9

v e
s

g

Depth (cmbsf)
2
o

810

be
AN

&

Depth (cmbsf)
*
&

g
5]

v e
rgs

g

810

AN

|’=
ad
3
W
Depth (cmbsf)
? o N ©
53822
m
S8ERG
w

PF2

FIGURE 3 | Major oxides concentrations (%) of sediments of Bay of Koper (cmbsf = cm below sediment floor).

o e
KPF1
< 02 9.9
£ 24 10.5
= 46 10.6
én 6-8 10.2
8-10 10.1
o v m
= 02 2.7
£ 24 2.4
g
=z 46 2.5
% 68 2.4
KPF3 S g19 2.9
o e n
24

=
o

Depth (cmbsf)

Depth (cmbsf)

=
o
n
W

KPF1
02 25
=
2 24 25
§
2 46 25
2 68 2.5
© 810 2.5
° e
&l
= 02 0.03
£ 24 0.03
z 4-6 0.03
2 68| Joos
KPF3 © g.19 0.03
°
-
KPF1
< 02 0.04
£ 24 0.05
g
2 46 0.05
g 6-8 0.05
810 0.04
oy g
3 3

Frontiers in Marine Science | www.frontiersin.org

April 2022 | Volume 9 | Article 812622


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zvab Rozig et al.

Shelf Sediments: Geochemistry and Foraminifera

Geochemistry of Sediment

The results for major, minor and trace elements in sediment
samples are presented in Supplementary Tables 2, 3. The
highest concentrations of major elements in sediment (Figure 3)
show Si with higher concentrations in samples near the coast
(KPF1, KPF2 and KPF3; 21.3-22.1%) and lower concentrations
at offshore reference sites (REF; 19.7%). A reverse trend was
observed for Ca (7.6-8.3% near the coast, 9.4% offshore) and
Mg (1.5-2.0% near the coast, 2.11% offshore). Other major and
minor elements (Si, Al, Fe, K, Ti, Mn, Cr) show a similar
composition at all sampling sites with rather minimal differences
(differences < 1%) at site KPF3 at the Rizana River inflow.
Concentrations of elements over the entire depth in the sediment
are practically constant (differences < 0.5%).

In general, concentrations of trace elements (As, Cr, Cu, Nb,
Ni, Th, Zn, and Zr) were higher at coastal sampling sites (KPF1
and KPF2 in basin I, KPF3 in basin II) and lower at the reference
site in the bay (REF) (Figure 4). For As, Ni, Nb and Th, the higher
concentrations were observed at sites KPF1 or KPF2 in basin I
and for Cr, Cu, Zr and Zn at site KPF3, where the RiZana River
flows into the sea. Concentrations of other trace elements (Pb, Rb,
Sr and V) were higher at the reference location (REF) and lower
at coastal sites. The trace elements do not show any significant
changes and trends at sediment depth (Figure 4).

Foraminifera

Diversity and Dominance

A total of 83 species belonging to 57 genera were identified
(Supplementary Table 4), of which 18 taxa were agglutinated, 69
perforate-hyaline and 31 porcelaneous. Most foraminifera were
rare and contributed less than 5% (Table 2) to the assemblages or
were found in only a few samples (Supplementary Table 4). The
low number of foraminiferal tests (N = 12) in the depth interval
of 6-8 cm KPF3/3 (Table 3) excludes this interval from statistical
interpretation. Unidentifiable miliolid fragments and reworked
Eocene planktonic foraminifera were also listed (Supplementary
Table 4) but are not included in any analysis.

The species richness (S) of the total assemblages (Table 3 and
Supplementary Table 4) ranges from 5 (KPF3/3) to 49 (KPF1/2).
The number of species decreased from the top to the bottom
of each studied core. The Shannon H-index (Table 3) ranges
from 1.5 to 3.1, with the highest values indicated in the central
parts of the cores. The Simpson 1-D values (Table 3) remained
constant throughout each core. The values of Fisher’s alpha index
(Table 3) varied between stations (from 2.6 at station KPF3 to
17.0 at station KPF1) and along each core (exhibiting a down-core
decreasing trend).

The percentage of tolerant species (Foram-AMBI assigned
species; Table 3) varies among stations and also along individual
core. The highest percentage of tolerant species is at REF (from
32.7% REF/1 to 47.4% at REF/5), and the lowest at KPF2 (from
21.2% to 27.6% at KPF2/2). At stations KPF1 and KPF2, the
proportion of tolerant species within the total foraminiferal
assemblages decreases downcore. The lowest values of the Foram-
AMBI index are at KPF 2 (ranging from 1.46 to 3.19, Tables 3, 4),
followed by stations KPF1 (1.92-2.44) and REF with values
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FIGURE 4 | Concentrations of trace elements (mg/kg) of sediments of Bay of
Koper (cmbsf = cm below sediment floor).

between 2.6 and 3.2, while station KPF3 has the highest value
(up to 3.9). The values of EcoQS indicate poor status in the
REF1-REF3 samples and KPF2/1 and KPF2/5 and bad status for
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TABLE 2 | Comparative status of the abundant and common species (> 5%) of total assemblages in at least one of studied interval and sample.

KPF1/1 KPF1/2 KPF1/3 KPF1/4

KPF1/5 KPF2/1 KPF2/2 KPF2/3 KPF2/4 KPF2/5

Bolivina variabilis
Valvulineria bradyana
Ammonia parkinsoniana
Ammonia tepida
Haynesina depressula
Haynesina sp.
Elphidium translucens
Rosalina bradyi
Porosononion sp.
Trochammina inflata

KPF3/1 KPF3/2

KPF3/3 KPF3/4
Bolivina variabilis
Valvulineria bradyana
Ammonia parkinsoniana
Ammonia tepida
Haynesina depressula
Haynesina sp.
Elphidium translucens
Rosalina bradyi
Porosononion sp.
Trochammina inflata
KEYS: 0-5%

absent 5-10%

KPF3/5 REF/1 REF/2 REF/3 REF/4 REF/5

The numbers from/1 to/5 representing the sediment layers in depth (/1 = 0-2cm,/2 = 2-4cm,/3 = 4-6cm,/4 = 6-8cm,/5 = 8-10cm).

KPF1station, older part of the REF station and middle part of the
KPF2 (Table 4).

Foraminiferal Distribution

The distribution of foraminiferal species in total assemblages
showed variations between stations, while changes along
the core at each station are less obvious (Figure 5 and
Supplementary Table 4).

At station KPFI, infaunal, planispiral Haynesina
sp. (Figures 6A,B) and trochospiral A. parkinsoniana
(Figure 6F) dominated with relative frequencies of
15.5-16.7% and 11.5-18.9%, while the other species
contributing > 10% were V. bradyana (9.0-18.4%),
H. depressula (2.9-8.7%), A. tepida (Figures 6D,E,G; 1.6-
9.6%), B. variabilis (1.4-5.3%) and Elphidium translucens
(2.8-4.0%). Miliolids constituted between 6.2 and 9.5%
and agglutinated foraminifera between 1.2 and 3.4% to
total assemblage.

The three co-dominant species of the foraminiferal
assemblages from station KPF2 were A. parkinsoniana
(18.15-28.77%), Haynesina sp. (Figure 6C; 8.63-17.63%)
and V. bradyana (5.04-12.13%). Individuals of A. tepida
and H. depressula were subordinate, but still contributed
significantly to the assemblages (5.83-11.15% and 2.45-6.25%,
respectively). Agglutinated and porcelaneous foraminifera were
rare throughout the core, with the only representatives of
M. subrotunda (1.44-2.21%), Sigmolilinita sp. (1.23-3.86%) and
P. lecalvezae showing slightly greater abundances.

Significant decrease in the diversity of foraminiferal taxa
were found in the sediments collected at station KPF3. The
dominant species were A. tepida (5.99-24.7%) and V. bradyana
(7.06-21.43%), while the subordinate species was H. depressula
(4.7-28.14%). H. depressula was rare in the upper part (< 5%)
and, then became more frequent until it reached the highest
frequency at the bottom of the core. Non-keeled Elphidium sp.
and Porosononion sp. occurred in significant amounts in the first
two centimeters of the core, accounting for 10.59% and 9.02% of
the assemblage, respectively. Large amounts of miliolid fragments
and significant occurrences of reworked Eocene planktonic
foraminifera (including pollen grains) characterized the station,
especially the 4-6 cm depth interval (KPF3/3).

In the core of the REF station, tests of non-keeled Elphidium
sp. predominated (20.69% in REF/1 and 38.79% in REF/4).
Moreover, individuals of V. bradyana (Figure 6H) were
subordinate with constant abundance throughout the core
(14.66% in the depth interval of 0-2 cm to 20.39% in the depth
interval of 8-10 cm). H. depressula (5.64-9.05%) and A. tepida
(4.63-10.34%) were regularly present throughout the core, except
for A. tepida, which was more abundant in the depth interval
of 2-4 cm. The agglutinated foraminifera Textularia bocki
contributed significantly to the assemblage (4.98% in REF/4).

Results of Statistical Analyses

Canonical correspondence analysis (CCA) of total species
abundances (response) with the gradient of environmental
variables (mineralogy and geochemistry) from four stations
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TABLE 3 | Number of taxa (Species richness), number of individuals, diversity indices from standardized aliquots for total assemblages from four locations (KPF1, KPF2,
KPF3 and REF) from the Bay of Koper.

KPF1/1 KPF1/2 KPF1/3 KPF1/4 KPF1/5 KPF2/1 KPF2/2 KPF2/3 KPF2/4 KPF2/5

Taxa_S 47 49 41 37 35 37 48 38 45 32
Individuals 264 286 245 211 239 272 334 311 326 278
Dominance_D 0.09 0.09 0.093 0.092 0.103 0.106 0.075 0.108 0.096 0.137
Simpson 1-D 0.909 0.909 0.906 0.907 0.897 0.894 0.925 0.892 0.90 0.863
Shannon_H 2.96 2.96 2.89 2.85 2.75 2.77 3.10 2.77 2.96 2.56
Evenness e H/S 0.41 0.39 0.44 0.47 0.44 0.43 0.46 0.42 0.43 0.41
Equitability_J 0.77 0.76 0.78 0.79 0.77 0.777 0.80 0.76 0.78 0.74
Fisher_alpha 16.63 17.02 14.08 13 11.3 11.56 15.36 11.36 14.15 9.34
Foram_AMBI 1.98 2.18 1.91 2.07 2.44 1.86 3.19 1.64 1.62 1.46
% of NA species for Foram_AMBI 28 31 35 29.8 31 31 32 31 35 33
KPF3/1 KPF3/2 KPF3/3 KPF3/4 KPF3/5 REF/1 REF/2 REF/3 REF/4 REF/5
Taxa_S 25 12 5 14 11 32 32 42 29 32
Individuals 237 144 12 133 167 232 319 337 281 255
Dominance_D 0.123 0.20 0.222 0.153 0.161 0.095 0.178 0.141 0.202 0.137
Simpson 1-D 0.876 0.799 0.778 0.847 0.833 0.904 0.821 0.858 0.797 0.863
Shannon_H 2.50 1.86 1.54 1.95 2.03 2.77 2.37 2.68 2.19 2.57
Evenness e H/S 0.49 0.53 0.94 0.56 0.69 0.50 0.33 0.35 0.31 0.41
Equitability_J 0.77 0.75 0.96 0.80 0.85 0.80 0.68 0.72 0.65 0.74
Fisher_alpha 7.05 3.11 3.22 3.95 2.64 10.06 8.86 12.65 8.11 9.67
Foram_AMBI 3.89 3.90 2.79 2.21 2.69 3.13 3.00 3.14 3.18
% of NA species for Foram_AMBI 50 37 27 16 38 47 43 42 36

The numbers from/1 to/5 representing the sediment layers in depth (/1 = 0-2cm,/2 = 2-4cm,/3 = 4-6¢cm,/4 = 6-8cm,/5 = 8-10cm). For each core interval the Foram-AMBI
values are listed, along with the percentages of individuals assigned to the ecological groups in brackets.

TABLE 4 | Foram-AMBI indices and ecological quality statuses EcoQS at each studied interval obtained from the study of total assemblages.

KPF1/1 KPF1/2 KPF1/3 KPF1/4 KPF1/5 KPF2/1 KPF2/2 KPF2/3 KPF2/4 KPF2/5
Foram-AMBI 1.98 2.18 1.91 2.07 2.44 1.86 3.19 1.64 1.62 1.46
Class
Hpe 3.15 3.14 3.04 3.01 2.88 2.89 3.24 2.85 3.08 2.66
EcoQS 23.4 23.2 20.9 20.3 17.8 17.9 25.7 17.3 21.7 14.2
KPF3/1 KPF3/2 KPF3/3 KPF3/4 KPF3/5 REF1 REF2 REF3 REF4 REF5
Foram-AMBI 3.89 3.9 2.79 2.21 2.69 3.13 3 3.14 3.18
Class
Hpe 2.58 1.92 2.18 1.96 2.88 2.47 2.8 2.33 2.69
EcoQS 13.2 6.9 8.8 7 17.8 11.8 16.4 10.3 14.7

Class m v v v s s m

Foram-AMBI indices

0.2-1.20 1.20-3.30 3.30-5.50 5.50-6.00

EcoQS status classification

>20 20-15 15-10 10-5 5-0
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FIGURE 5 | Canonical correspondence analyses (CCA) of total foraminiferal assemblages, and mineralogical and geochemical data in sediment samples from four
locations (KPF1, KPF2, KPF3, and REF) from Bay of Koper.

grouped the samples into three main groups: the first included
the samples from stations KPF1, KPF2, the second included the
samples from the REF site, while the third included only the
samples from station KPF3 (Figure 5).

In addition, the CCA analyses show that stations KPF1 and
KPF2 correlate with pyrite, As, Ni, Ti and Si, the REF station
correlates with higher carbonates contents (calcite, dolomite),
illite, kaolinite, Sr and Pb, and station KPF3 correlates with
plagioclase, muscovite, quartz, Cu, Cr and Zn.

The measure of similarity accounted for the eigenvectors
CCA-1 and CCA-2 is 20.09 and 18.21% respectively.

Correlation analysis of multivariate foraminiferal data (CCA
axis 1 and 2) of the samples from all 4 stations with geochemical
data did not show a strong or significant relationship between
the community and the environmental parameters observed.
However, due to the strong influence of station KPF3 on the
plotting of the samples in multivariate space, a further correlation
with geochemical results was carried out, now only on the
CCA foraminiferal data of the other three stations. This analysis
produced the following results: significant positive correlation
of the CCA-1 axis with S and Zr, a strong positive correlation
with Cu and Cr, as well as a significant negative correlation of
the same axis with Fe, Mg, Ca, Rb, Sr, Pb and V. A significant
positive correlation of the CCA-2 axis appears with Ca, Rb
and Sr, and a strong positive correlation with Mg, Pb and Zn,
while a significant negative correlation with Si, Fe and Ti is
indicated (Table 5).

DISCUSSION

Based on study of four sediment cores we investigated the
impact of increasing shipping and human-induced activities (i.e.,
industry, tourism) in the Bay of Koper on the geochemical
element composition of sediments and benthic foraminiferal
assemblages over the past 40 - 50 years. The study of the
composition and diversity of foraminiferal assemblages were
used to describe the ecological conditions by using Foram-AMBI
and EcoQS indices.

Environmental Characterization Based

on Mineralogical and Geochemical Data

The mineralogical composition and the content of major
elements (Figure 3) reflect the geological characteristics of
the wider area of the Gulf of Trieste/Trst coast. Higher
concentrations of minerals characteristic of siliciclastic rocks
(quartz, plagioclase, muscovite; Figure 2 and Supplementary
Table 1) can be explained by the geological siliciclastic properties
of the hinterland of the bay, which is more influenced along
the coast (KPF1-KPF3). The significant trend of increasing
sediment carbonate content toward the central part of the bay
can be observed, which is attributed to the considerably higher
proportion of carbonate skeletons of various organisms in this
part of the bay (REF). The same trend was already described by
Ogorelec et al. (1987). Similar pattern was also indicated by the
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FIGURE 6 | Microphoto images (using Olympus U-TV1XC camera) of the selected foraminiferal species: (A) Haynesina depressula (Walker and Jacob, 1798),
KPF1/5. (B) Haynesina depressula (Walker and Jacob, 1798), KPF1/5. (C) Haynesina depressula (Walker and Jacob, 1798), KPF2/5. (D) Ammonia tepida
(Cushman, 1926): spiral side, KPF1/2, (E) Ammonia tepida (Cushman, 1926): umbilical side, KPF1/2. (F) Ammonia parkinsoniana (d’ Orbigny, 1839): spiral side,
KPF1/2. (G) Ammonia parkinsoniana (Cushman, 1926): umbilical side, KPF1/2. (H) Aubignyna perlucida (Heron-Allen and Earland, 1913): KPF2/2. (1) Elphidium sp.,
non-keeled, KPF1/4. (J) Rosalina bradyi (Cushman, 1926): spiral side, KPF1/1. (K) Rosalina bradyi (Cushman, 1926): umbilical side, KPF1/1. (L) Bolivina variablis
(Williamson, 1858), KPF1/5. (M) Bulimina elongata, d’ Orbigny, 1826, KPF1/3. (N) Lagena striata (d” Orbigny, 1839), KPF1/3. (0) Reophax sp., KPF1/1.

content level of major elements, with higher Si and Al levels along
the coast, and higher Ca and Mg levels in the inner part of the
bay, which can be also explained by the geogenic origin of the
hinterland. The authigenic mineral pyrite indicates the reduction
conditions in the sediment. Ogorelec et al. (1987) describe the
reduction conditions already a few centimeters below the surface,
which is favorable for pyrite formation. Slightly lower levels of Fe
at the Rizana outflow (KPF3) can be explained by the stronger

inflow of oxygenated river water into the bay and the oxidizing
environment of the sedimentation (Ogorelec et al., 1987).

The concentrations of trace elements (As, Cr, Cu, Nb, Ni,
Pb, Rb, Sr, Th, Zn, V, Ba) show spatial differences between
the sampling sites, indicating a non-point source of potential
pollutants into the environment. In general, As, Ni, Nb, and Th
are highest at KPF1, Cr, Cu, Zn, and Zr at KPF3 and Pb, Rb,
Sr, and V at the REF site. In addition, the Spearman correlation
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TABLE 5 | Spearman Rank Order correlations analysis between total foraminiferal assemblages and geochemical data from three (KPF1, KPF2 and REF) sampling

stations (marked correlations are significant at p < 0.05).

Si Al Fe Mg Ca K Ti S Mn Rb Sr
CCA-1 0.12 -1.15 -1.49 -1.27 -1.09 -1.12 0.20 1.25 -1.32 -1.19 -1.31
CCA-2 -1.71 -0.91 -1.76 0.51 1.00 0.31 -1.60 -0.61 -1.08 0.54 0.45

Ba As Cu Nb Pb Th Zn Zr Cr v Ni
CCA-1 -0.72 -0.84 1.10 -0.62 -1.33 -1.59 0.59 1.25 1.06 -1.45 -0.84
CCA-2 -0.21 -1.85 -0.75 -1.76 0.64 -0.08 0.89 -0.45 -0.41 0.12 -1.45

analyses confirms strong or moderately positive correlations
between trace elements at the respective sampling site. The
statistical grouping of the sites (Figure 5) can be explained by the
geogenic origin, the different basic mineralogical characteristics
of the sediment (carbonates at REF and siliciclastic at KPF1-
KPF3) and the higher inflow of river water into the bay (between
KPF3 and other sites). Although the minor positive signal of trace
element concentrations might be recognized in the inner part
of the port of Koper (KPF1 and KPF2), the values are generally
within the background geological levels, which is in accordance
with analyses previously published on the Bay of Koper (Ogorelec
et al., 1987, 1991; Rogan Smuc et al., 2018). Contrary some trace
elements (i.e., As, Cd, Cr, Cu, Ni, Zn) show higher concentrations
compared to other locations in the Adriatic Sea (Adami et al,
1996; Aquavita et al., 2010). Concentrations of elements over the
entire depth in the sediment are practically constant which is
certainly also affected by bioturbation.

While the element concentration in the sediment were
described to be controlled by the natural conditions
(mineralogical, grain size, organic matter) these should be
considered in background evaluation as the basis for the
assessment of anthropogenic pollution (Coccioni et al., 2009).

The Response of Foraminiferal
Assemblages

The foraminiferal species from studied samples (one
replica, Table 2), including the most common (A. tepida,
A. parkinsoniana, V. bradyana, Haynesina sp., H. depressula,
B. variabilis and Elphidium spp. (keeled and no-keeled) are
characteristic of infra-circalittoral of Mediterranean and
northern Adriatic (Jorissen, 1987; Hohenegger et al., 1988, 1993;
Cimerman and Langer, 1991; Sgarrella and Moncharmont Zei,
1993; Coccioni et al., 2009; Vidovi¢ et al., 2009, 2014; Cosovi¢
et al., 2011; Popadic et al., 2013; Jorissen et al., 2018; Melis et al.,
2019).

Foraminiferal diversity parameters show clustering of stations,
KPF1, KPF2 and REF with higher values and KPF3 has lower
values. This trend is clearly visible in the multivariate biplots
(Figure 5). Knowing that low diversity is related to highly
variable conditions and/or stressful environmental conditions,
we assume that the position of station KPF3 off the coast of
the Rizana River caused a decrease in diversity (Table 3). The
freshwater influence is confirmed by: (i) the significant content
of reworked Eocene planktonic foraminifera (Supplementary

Table 4, reaching frequency of 82% of total skeletal grains in
sample KPF 3/3) transported as sediment load from the Eocene
Flysch in the hinterland (Plenicar et al., 1973); (ii) the abundance
of species A. tepida and H. depressula (including Haynesina sp.),
known for their tolerance to salinity fluctuations, and their ability
to survive in nutrient-rich conditions off river mounts (Murray,
2006; Barbieri et al., 2019). In coastal environments, parameters
such as active bioturbation, current and wave regimes, and biotic
interactions may be important to the distribution of benthic
foraminifera (Murray, 2006 and references therein). Although
almost all identified benthic species are considered opportunistic
taxa, we hypothesize that river flow and sediment surge have
caused certain physical disturbances in benthic microhabitats
that some species cannot tolerate (elphidiids and infaunal
representatives).

Several studies on the influence of trace metal concentrations
on the distribution of foraminifera typically indicate a negative
correlation between trace metal concentrations and foraminiferal
diversity and abundance (Alve, 1991; Sharifi et al., 1991; Yanko
et al., 1999; Coccioni, 2000; Carnahan et al., 2008; Frontalini
and Coccioni, 2008; Coccioni et al., 2009; Frontalini et al., 2009;
Li et al, 2013; Martins et al, 2013). Our results show that
the highest values of species diversity were found in sediments
with the highest concentration of Fe and Mn (KPF1 station).
Also, no negative correlation was found between foraminiferal
diversity and concentrations of Ni and Pb. It must be emphasized
that some discrepancies were observed in the correlation of Fe
concentrations with species diversity at certain depth-interval
levels at each station. This may be due to sediment mixing
at depth due to bioturbation and sediment mixing in Bay
of Koper caused by waves induced by strong winds (Leder
et al., 1998). Carnahan et al. (2008) showed that abundance
of Ammonia decreases with increasing Pb concentrations, and
Elphidium specimens are more numerous when the environment
is enriched with Fe. Our data shows no correlation between the
abundance of representatives of genera Ammonia and Elphidium
(non-keeled in particular, sensu Murray, 2006; Vidovi¢ et al.,
2009, 2014) and the concentration of Fe and Pb at each
station (all depth intervals). The distribution of trace metals
showed that As and Rb have similar distributions along the
core, while concentrations of Pb, Cu, and Cr increase slightly
downwards from the core, with these conditions associated
with reduced biodiversity. Nevertheless, we can conclude that
no significant changes occurred in the overall composition of
the assemblages. The representatives of genus Ammonia are
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tolerant to trace metal pollution (Armynot du Chatelet et al.,
2004; Ferraro et al., 2006; Frontalini and Coccioni, 2008). In
particular, A. tepida is tolerant of elevated trace metal pollution
(Armynot du Chatelet et al., 2004; Barbieri et al., 2019) and the
species abundance increases with increases in Ni, Cr, Cd, As,
and Hg concentrations (Frontalini and Coccioni, 2008; Melis
et al., 2019). As an opportunistic feeder A. tepida showed a
strong response to phytodetrital input (Wukovits et al., 2018),
and recorded phytoalgal bloom in the Northern Adriatic could
cause the species abundance (Cabrini et al., 2012; Cozzi et al.,
2020). The positive response of representatives of the genus
Ammonia at KPF 3 and KPF 2 to slightly elevated concentrations
of trace elements (but within normal levels) is consistent with the
previous study in Gulf of Trieste (Melis et al., 2019). In general,
a comparison of the distribution of the most abundant species
indicates a moderate supply of organic matter at all sites because
H. depressula in a case of increased organic supplies (Jorissen
et al., 2018) would disappear. The positive correlation between
abundance of H. depressula and Zn concentration (Melis et al.,
2019) was recorded at KPF2.

The Foram-AMBI index reflects changes in organic matter
concentrations (Jorissen et al., 2018; Parent et al, 2021).
The presence and abundance of organic matter are related
to mud content in sediments, and consequently affect the
concentration of oxygen and pollutants (El Kateb et al., 2020).
The calculated Foram-AMBI index values (Table 4) imply from
good and slightly polluted (KPF1 and KPF2 assemblages) to
moderate and polluted (KPF3 and REF assemblages) conditions.
Our results are consistent with previous studies (Coccioni,
2000; Frontalini and Coccioni, 2008; Coccioni et al.,, 2009;
Frontalini et al., 2009) suggesting that the decrease in diversity
of foraminiferal assemblages correlates with the increase in
abundance of tolerant species. The percentage of unassigned
species ranged from 29 - 36% in KPF1, 30-34% in KPE2
and 38-43% in REE which is well above the quality assurance
threshold of 20% unassigned (Alve et al., 2016). Because of
the high number of unassigned species, these indices are used
to get trends in changes in the ecological status of stations
only. For the REF station, the moderate to good EcoQS
ecological status (Table 4) comes from the position of the
station with ship traffic, where ballast water is openly discharged
into the environment. Our study questioned the status of the
REF site as the referral for further investigations of benthic
habitats. The diversified assemblages of opportunistic detritivores
(Supplementary Table 4) in the bay showed high (KPF1) and
good to high (KPF2) ecological quality statuses (Table 4). The
unstable condition at the KPF3 station due to vicinity of river
input, resulted with moderate to poor ecological status. At all
studies cores the better ecological quality for benthic foraminifera
were observed in younger intervals, because of proliferation of
opportunistic foraminifera.

Investigating anthropogenic impacts on foraminiferal
abundances and taxonomic composition of assemblages in
different enclosed shallow water settings (lagoons) in the
Adriatic, especially in the Northern Adriatic (Donnici and
Serandrei Barbero, 2002; Frontalini and Coccioni, 2008;
Bergamin et al., 2009; Coccioni et al., 2009; Frontalini et al,,

2009; Frontalini and Coccioni, 2011; Vidovi¢ et al, 2016;
Bouchet et al., 2018; Barbieri et al., 2019; Melis et al., 2019),
and in the Mediterranean Sea (Tiirkmen et al., 2011; El-Gamal
et al., 2012; Dimiza et al., 2016; Jorissen et al.,, 2018) have
recently intensified. Our results fit the distribution of benthic
foraminifera recorded in these studies. Representatives of
the stress-tolerant genus Ammonia dominate the sediments
of most lagoons. In the studied samples the values of the
Foram-AMBI indices, although considered with caution,
indicate a good to moderate ecological conditions, which
does not suggest the highest organic concentrations. It seems
that for the dominance of A. tepida in the assemblages,
together with Haynesina sp. and H. depressula the following
factors are important: river inflow, eutrophication of the area
(Giani et al, 2012), anthropogenic pressure and shallow-
water and enclosed morphology of the area. Epiphytic forms
which were common until the 1990s (Murray, 2006), are
less common due to the disappearance of vegetation cover
(Lietal., 2013).

Considering the sedimentary rates in the area (Ogorelec et al.,
1997), it seems that more or less similar geochemical conditions
prevailed in the last decades, despite the increased anthropogenic
pressure from the activities in the Port of Koper, which favored
the development of opportunistic benthic foraminifera. Normal
marine conditions continued to prevail, reflected in moderate
diversity along the shallow sedimentary cores. According to our
interpretation, the environmental characteristics that contribute
most to the distribution of foraminifera in Bay of Koper are
shallow-water, semi-enclosed area with freshwater inflow, limited
enrichment with trace elements despite anthropogenic pressure
and low to moderate concentration of organic matter.

CONCLUSION

Coastal environments are often interesting for environmental
studies in the light of various anthropogenic pressures. In
Gulf of Trieste, and consequently in Bay of Koper, numerous
investigations were done also due to specific natural characteristic
of this area. Besides the intensive urbanization, tourism, and
agriculture of the wider area, the port activity in the Bay of
Koper represents an important factor in the study of marine
environmental pollution. The main aim of this paper is to
highlight, by means of statistical analysis, the correlation between
the foraminiferal parameters (diversity, relative abundance and
absolute abundance) and the possible natural and anthropogenic
stressors due to intensify anthropogenic pressure in last three
decades in the bay.

A total of 20 sediment samples (one replica) were analyzed
at four sampling sites with a varying degree of anthropogenic
input. The mineralogical characteristics and major element
concentrations indicate the characteristics of a natural lithogenic
origin, siliciclastic rocks on the coastline, and more carbonate
components in the inner part of the bay. The trace metals, whose
concentrations are higher at the location inside the port and at
the inflow of the Rizana River (values of Fisher index, As, Cr, Cu,
Nb, Ni, Zn, Zr, Th), can be of anthropogenic input. However, no
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significantly increased concentrations of elements were observed,
which means that the pollution of trace metal is still negligible.

The total benthic foraminiferal assemblages of moderate
diversity are composed of opportunistic species. Ammonia
parkinsoniana, Haynesina sp., Valvulineria bradyana and the
non-keel Elphidium sp. dominate, while A. tepida and Haynesina
depressula are subordinate. A. tepida proved to be the most
tolerant taxa, whereas H. depressula, could be considered a less
tolerant species, as it benefitted from the less stressful conditions
documented at the KPF1 and KPF?2 sites. Infaunal life strategists
fit well with fluctuations in salinity caused by river supply (KPF3)
and the possible higher amount of organic matter. The general
geochemical preferences of dominant species are consistent with
those from other studies.

The values of the Foram-AMBI index imply good to moderate
ecological quality of the studied area in the Bay of Koper,
with the most polluted area near to river mouth (KPF 3). The
application of the index has to be treated with caution in order
to assess the ecological conditions, as more than 20% of the
species present are not assigned to any ecological group. The
calculated ecological quality status (EcoQS) classified KPF 1 and
KPF2 stations as of high and good conditions, REF as moderate
to good, and KPF3 as of moderate to bad ecological conditions
for benthic foraminifera.
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