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Abstract. Small leisure boat harbours have important aesthetic and recreational values in any country with a
coastline. In Sweden, there are about 860 000 leisure boats, which is one of the world’s highest numbers in rela-
tion to the country’s population. However, small boat harbours also present a wide range of environmental prob-
lems, including the introduction of alien species and high pollution. In this study, we investigated the ecological
quality status (EcoQS) of the Hinsholmskilen small boat harbour, located southwest of the city of Gothenburg
(Sweden). We performed a reconnaissance survey of the harbour’s previously unstudied benthic foraminiferal
communities and analysed surface sediment (0–2 cm) samples for potentially toxic elements: copper (Cu), zinc
(Zn), lead (Pb), cobalt (Co), nickel (Ni), chromium (Cr), mercury (Hg), and arsenic (As). The results show that,
based on the total benthic foraminiferal distribution (dead and live specimens), the assemblages in Hinsholm-
skilen harbour represent a typical European estuarine community with highly abundant Ammonia and Elphidium
species. Based on molecular and morphological data, we report the presence of two alien and putatively inva-
sive species likely originating from Asia: Trochammina hadai and Ammonia confertitesta (phylotype T6). Both
species have recently been identified elsewhere on the Swedish west coast based on molecular and morphologi-
cal data but do not have a well-known distribution. The sediment analysis for potentially toxic elements showed
that the harbour has good to high EcoQS corresponding to no or little deviation from reference conditions for
Cd, Co, Ni, and Pb distribution. Some of the contaminants (Pb, As, Zn, and Cr) showed poor to bad EcoQS in
the innermost harbour in proximity to high-pressure cleaning plants, where boats are usually lifted, cleaned, and
prepared for winter storage on land. Finally, Cu and Hg showed consistently bad and poor EcoQS all over the
harbour, reflecting the use of both metals as biocides in antifouling boat paints.
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1 Introduction

Marine alien and invasive species are a growing concern
because they can threaten ecosystem goods and services
through biodiversity loss, habitat modifications, changes in
community structure, and substantial economic losses (Bax
et al., 2003; Katsanevakis et al., 2014). Alien species are of-
ten transported with ship ballast water, anchor mud, hull foul-
ing, or commercial aquaculture (McGann et al., 2019). The
North Sea and the Skagerrak and Kattegat regions are inten-
sive shipping areas and already host a high number of ma-
rine alien and invasive species (Staehr et al., 2020). However,
there is a substantial “size bias” in marine alien and inva-
sive species research, with a major focus on larger organisms.
Little is known about introduced eukaryotic microorganisms
(Pettay et al., 2015; McGann et al., 2019; Roy et al., 2023), or
so-called “hidden aliens”, even though microbes spread more
easily (Hülsmann and Galil, 2002), are prone to dormancy
(Kosakyan et al., 2012), and can establish large population
sizes (Epstein and López-García, 2008), which all likely ex-
plain their higher adaptive capacity. Benthic foraminifera are
unicellular eukaryotes, which play an important role in sed-
iment bio-irrigation and biogeochemical cycles (e.g. Piña-
Ochoa et al., 2010; Salonen et al., 2019; Glock et al., 2025).
Some foraminifera have different cellular respiration pro-
cesses as compared to the majority of meiofaunal organ-
isms (Maciute et al., 2023), likely due to presence of other
metabolic strategies such as denitrification (Glock, 2023),
anaerobic dephosphorylation and fermentation (Orsi et al.,
2020; Gomaa et al., 2021), and aerobic fixation of carbon
and nitrogen through retention of algal chloroplasts (LeKief-
fre et al., 2018). These strategies make some alien and inva-
sive foraminiferal species remarkable extremophiles, able to
survive adverse environmental conditions, such as severe hy-
poxia and anoxia (Choquel et al., 2021; Glock et al., 2025),
when native species (lacking those strategies) would migrate
or perish. Today, foraminiferal alien and invasive species are
known from the western and eastern coasts of North Amer-
ica (e.g. McGann et al., 2019; McGann and Holzmann, 2024;
Goetz et al., 2025), the Mediterranean Sea (e.g. Hyams-
Kaphzan et al., 2008; Langer et al., 2012), the Baltic Sea
(Schweizer et al., 2011; Groeneveld et al., 2018), the North
Sea (Polovodova Asteman and Schönfeld, 2016; Charrieau et
al., 2018; Deldicq et al., 2019; Choquel et al., 2021; Frances-
cangeli et al., 2021), the coasts of the French Atlantic Ocean
(e.g. Bouchet et al., 2007, 2023; Pavard et al., 2023a, b; Fouet
et al., 2024), New Zealand (e.g. Hayward, 1997; Grenfell
et al., 2007), Australia (Tremblin et al., 2021), Brazil (e.g.
Eichler et al., 2018), and Argentina (Calvo-Marcilese and
Langer, 2010). Studies performed over the last 3 decades re-
port growing abundances of alien and invasive species (in-
cluding foraminifera) in small leisure boat harbours, sug-
gesting that these harbours may be a hotspot for secondary
species introductions, facilitating their spread over larger ar-

eas (e.g. Arenas et al., 2006; Ferrario et al., 2017; Bouchet et
al., 2023; Pavard et al., 2023a, b).

In contrast to a growing number of studies on coral reefs,
mangrove forests, seagrass meadows, salt marshes and their
associated alien species introductions, and other types of an-
thropogenic impacts, much less research to date has been per-
formed on small leisure boat harbours. Sweden has a long
and complex coastline with numerous archipelagos, and it is
estimated that there are about 860 000 leisure boats in Swe-
den (Transportstyrelsen, 2021), which is one of the highest
numbers in the world in relation to the country’s popula-
tion (Nordberg et al., 2022). Swedish coasts have many bays
and fjords and a microtidal regime, keeping them protected
from wind and waves, thus offering an opportunity to store
leisure boats in small marinas and private piers. This, to-
gether with an ever-growing interest and demand to live close
to the sea, has historically increased the number of leisure
boat harbours. Being used for mainly aesthetic values and
recreational activities, small boat harbours have been shown
to be associated with the introduction of alien and invasive
species, mainly through attachment to the boat anchors, en-
gines, or hulls (Ferrario et al., 2017). Small boat harbours
also present a wide range of pollution problems related to
e.g. boat traffic, maintenance, and storage and to the use of
antifouling paints preventing the growth of macroalgae, bar-
nacles, and other aquatic organisms. As a result, the shal-
low harbour environment is often exposed to a cocktail of
toxic pollutants in the form of antifouling paints, impreg-
nating agents from the wooden docks, petrochemical prod-
ucts from boat engine exhausts, and potentially toxic ele-
ments, which all accumulate in the harbour sediments, pos-
ing a threat to shallow benthic ecosystems (e.g. Nordberg
et al., 2012, 2022, 2025; Eklund et al., 2016; Egardt et al.,
2017; Moksnes et al., 2019). Among other environmental
problems associated with leisure boat harbours are shading
from boats and boat docks; water-darkening due to sediment
resuspension; increased hydrodynamic activity and underwa-
ter noise; microplastics from boat paints, mooring lines, and
piers; and the release of combustion exhaust gases (Moksnes
et al., 2019). For instance, sediment resuspension by boat
propellers and harbour dredging has shown to decrease ac-
cess to light for vegetation, e.g. eelgrass meadows provid-
ing important spawning and feeding grounds for many fish
species (Dennison et al., 1993). The dredging and dump-
ing of dredged sediment in shallower waters also removes
and modifies the habitat for benthic organisms, with negative
effects for biodiversity (e.g. Harvey et al., 1998; Desprez,
2000; Bolam, 2012; Rehitha et al., 2017). High waves and
currents generated by boat traffic can cause bottom and beach
erosion in shallow-water areas (Klein, 2007). Microplastics
from worn ropes, fishing gear, boat paints, and plastic used
in buoys and pier construction can adsorb organic pollutants
and metals (Hirai et al., 2011; Brennecke et al., 2016) and
can be taken up by marine organisms and transported in food
webs (Farrell and Nelson, 2013). Combustion exhaust gases
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(incl. NOx , SOx , CO, CO2, and volatile organic compounds)
can cause a wide array of health problems in both humans
and aquatic organisms (Moksnes et al., 2019), spread poly-
cyclic aromatic compounds (PAHs) in the water, and eventu-
ally accumulate in the sediment (Nordberg et al., 2022, 2024,
2025).

This study aims to assess the ecological status of the small
boat harbour of Hinsholmskilen (Fig. 1), located southwest
of the city of Gothenburg (Sweden). The goal of the study
is 2-fold: (a) to perform a reconnaissance survey of the har-
bour’s previously unstudied benthic foraminiferal communi-
ties with focus on two non-indigenous species, which both
do not have a well-known distribution on the Swedish west
coast, and (b) to map the distribution of trace metals and ar-
senic in the harbour surface sediments.

2 Study area

The Hinsholmskilen leisure boat harbour (Fig. 1) is located
to the southwest of the city of Gothenburg, on the west coast
of Sweden. The harbour is in a shallow bay, where water cir-
culation is mostly driven by coastal currents and prevailing
winds. The sea level changes are controlled by tidal activity,
winds, and changes in atmospheric pressure. Low pressure
and headwinds cause elevated sea level in the area, whilst
high pressure and offshore winds decrease sea level in the
bay. Prevailing winds in the study area are westerlies and
southwesterlies. Hinsholmskilen harbour faces the adjacent
Kattegat and is therefore influenced by the major surface cur-
rents in the area: the outflowing Baltic Current (S = 20–30)
and the inflowing Jutland Current (S = 31–34) (Danielssen
et al., 1997; Fig. 1a herein). Hinsholmskilen harbour is sur-
rounded by areas with exposed bedrock, which consist of
granodiorite and tonalite. The main sediment type in the har-
bour is represented by thick glacial clay covered with a fine
layer of clay, gyttja clay, and clayey gyttja. Gyttja clay is
a Scandinavian term for an organic-rich clay (TOC < 50 %)
which is fine-textured, very soft, and hydrous; has a dark-
greenish to black colour; and is typically found in sheltered
bays and fjords (Wetzel, 2001). The recent sediments in Hin-
sholmskilen harbour consist mainly of gyttja clay and fine
to medium sand (SGU, 2002: Series Ba, 59:4). Below a
thin oxic sediment layer, the sediment is anoxic and rich in
molluscan shell debris. Sediment accumulation rates in Hin-
sholmskilen harbour are estimated to be 0.5 cm yr−1 (Bengts-
son and Cato, 2011).

Hinsholmskilen harbour is the second-largest marina for
leisure boats in the Gothenburg region. It was built in 1966
and has the capacity to host 1500 boats during the sum-
mer high season whilst providing storage for 850 boats on
land during the winter (Hinsholmens Båtklubb, 2023 http:
//www.hinsholmen.se, last access: 5 June 2023). There are
28 piers in the harbour, mostly made of wood, with a few
built of concrete, and with a few floating docks. There are

also two cleaning plants equipped with a high-pressure water
system with drainage and filtering facilities connected to sep-
tic chamber tanks to collect rinse water and residue of paint
rinsed off from boats being lifted onto land prior to winter
storage. Due to its extensive use, Hinsholmskilen harbour has
environmental issues related to pollution by metals, organ-
otin compounds, Irgarol, and PAHs (Bengtsson and Cato,
2011; Bengtsson and Wernersson, 2012; Eklund et al., 2016).
A survey performed in 2010 at two stations in the harbour,
Hinsholmskilen Inner and Hinsholmskilen Outer (Fig. 1),
showed that, even though most metals decreased in the area
between the 1990s and 2010, levels of the antifouling agent
tributyltin (TBT) doubled from the 1990s to 2010 in the in-
ner harbour (Bengtsson and Cato, 2011). High pollution in
the inner-harbour sediments likely results from land runoff
through sewage and stormwater outlets draining contami-
nated water from the high-pressure cleaning stations into the
harbour. Analyses of sludge in the sewage wells, stormwa-
ter, and drainage wells near high-pressure cleaning stations
showed that levels of zinc (Zn), copper (Cu), and the antifoul-
ing agents TBT and Irgarol exceed bad ecological quality sta-
tus (EcoQS) class and that high contaminant concentrations
in the sludge are similar to levels found in hazardous waste
(Bengtsson and Wernersson, 2012).

3 Material and methods

3.1 Sediment sampling

This study is based on two sets of samples: one collected
in November 2019 for the morphological and geochemi-
cal study and the other collected in May 2023 and May
2024 for the DNA study by using a Kajak–Brinkhurst corer
(weight: 9 kg; core tube: 5 cm Ø). Sediment samples col-
lected in November 2019 were mostly taken manually from
the harbour piers, whilst five sediment samples were col-
lected by using a small motorboat (Fig. 1). In total, 36 sta-
tions were visited to collect surface (0–2 cm) sediment sam-
ples for benthic foraminifera and potentially toxic elements
(Supplements S1–S3 and S5). Upon arrival to the labora-
tory, all samples were frozen and freeze-dried. Many sam-
ples contained a lot of molluscan shell debris and had to be
dry-sieved over a 1000 µm plastic sieve to obtain homoge-
neous sediment for metal analyses. For the 2023 and 2024
samples, surface sediments (0–3 cm) were collected manu-
ally from the piers at the stations HIN1, HIN2, HIN12, and
HIN27 (Fig. 1).

From the November 2019 samples, 23 samples were anal-
ysed for total (living+ dead) benthic foraminifera, whilst 36
samples were analysed for potentially toxic elements, such
as arsenic (As), cadmium (Cd), cobalt (Co), nickel (Ni), lead
(Pb), zinc (Zn), mercury (Hg), chromium (Cr), and copper
(Cu). The major goal during the sampling campaign in 2019
was to map the distribution of these potentially toxic ele-
ments in the harbour; therefore, no staining with rose ben-
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Figure 1. Map of the study area. (a) Location of Hinsholmskilen harbour in the North Sea–Baltic Sea region. The prevailing currents are
indicated as follows: JC – Jutland Current; BC – Baltic Current; NCC – Norwegian Coastal Current; and AW – Atlantic Water inflow. The
abbreviation Gbg stands for the city of Gothenburg. (b) Location of the study area in the city of Gothenburg (map adapted and modified from
SGU, 2023) facing the Kattegat and the Gothenburg archipelago in the west. (c) Sampling locations in Hinsholmskilen harbour, for which
benthic foraminifera, metal, and arsenic data were obtained in this study: manual sampling from the piers (black circles) and sampling by
motorboat (orange circles). HP1 and HP2 stand for high-pressure cleaning stations, where boats are lifted and rinsed with pressurized water.

gal for living foraminifera was done. Also, no hydrographic
measurements (temperature, salinity, and oxygen) were taken
at the time of sampling.

3.2 Foraminifera: morphological analysis

To make a reconnaissance of recent foraminiferal as-
semblages in this previously unstudied harbour, the un-
stained sediment samples taken in 2019 were dry-weighed
and washed over 63 and 1000 µm sieves. The sediment
residue > 63 µm was air-dried at 50 °C and picked under a
stereomicroscope for benthic foraminifera, which were iden-
tified to the lowest possible taxonomic level. Selected species
were mounted on aluminium stubs, coated with gold, and
imaged with a Hitachi S-3400N scanning electron micro-
scope (SEM) at the Department of Earth Sciences, Univer-
sity of Gothenburg. Since this study reports foraminiferal
data as total assemblages, these data could not be used for
the harbour EcoQS assessment, which should be based on
living (stained) assemblages (Murray, 2000). However, to-
tal assemblages can provide a first glimpse into previously

unstudied foraminiferal fauna in Hinsholmskilen harbour.
During foraminiferal morphological examination, unknown
Trochammina and Ammonia species (Plates 1–2) were dis-
covered in the samples. Those species were hypothesized to
represent the putatively invasive species Trochammina hadai
Uchio (1962) (McGann et al., 2000) and Ammonia confer-
titesta Zheng, 1978 (phylotype T6: Hayward et al., 2021),
both originating from Asia (McGann et al., 2000; Hayward
et al., 2004; Schweizer et al., 2011; McGann and Holzmann,
2024).

The first attempt to identify Trochammina individuals
was made on their agglutinated shells to test if they were
organic-cemented or carbonate-cemented, following Trem-
blin et al. (2021). This was done by testing for a shell reac-
tion with 2 % HCl, which failed and suggested the presence
of organic cement in shell matrix. The usual method to dis-
criminate Ammonia species uses the two main morphological
criteria: the elevation of sutures and the mean pore size diam-
eter (Richirt et al., 2019, 2021). However, the Ammonia tests
collected in Hinsholmskilen harbour in 2019 were showing
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signs of dissolution and could not be identified morphologi-
cally.

To identify these taxa more precisely, new samples were
collected in late May 2023 and 2024 from the Trochammina-
and Ammonia-rich stations HIN1, HIN2, HIN12, and HIN27
(Fig. 1) to obtain living representatives for scanning electron
microscopy, light imaging, and single-cell DNA extraction.
In addition to sediment, ambient seawater was collected from
the field. Living foraminifera were picked within 1–2 d af-
ter sampling. Small aliquots of sediment were washed over
a 63 µm sieve with pressurized seawater, and the > 63 µm
residue was collected in a Petri dish with some seawater and
examined for foraminifera under a stereomicroscope. Living
Trochammina and Ammonia individuals with bright-yellow
to orange cytoplasm were transferred into a new Petri dish
and left for 30 min at room temperature, and their vitality
was assessed based on pseudopodial activity through a so-
called “crawling test”. Active living individuals were rinsed
in distilled water, air-dried, and sent for DNA extractions
(Trochammina specimens to the University of Geneva and
Ammonia specimens to the University of Angers) to verify
the presence of both non-indigenous species by molecular
methods.

3.3 Foraminifera: DNA extraction, PCR amplification,
and sequencing

Eight Trochammina hadai specimens (isolates 22013–22020,
Table 1) were photographed using a Leica M205 C mi-
croscope fitted with a Leica DFC450 C camera at the
University of Geneva prior to DNA extraction (Plate 1).
DNA was extracted individually using guanidine lysis
buffer (Pawlowski, 2000). Semi-nested PCR amplifica-
tion was carried out for the 18S barcoding fragment
of foraminifera (Pawlowski and Holzmann, 2014) using
primers s14F3 (5“acgcamgtgtgaaacttg3”)-sB (5“tgatccttct-
gcaggttcacctac3”) for the first amplification and primers
s14F1 (5“aagggcaccacaagaacgc3”)-sB for the second ampli-
fication. A total of 35 and 25 cycles were performed for
the first and the second PCR, with an annealing temper-
ature of 50 and 52 °C, respectively. For seven specimens
(22013–22019), positive amplification results were obtained.
The amplified PCR products were purified using the High
Pure PCR Cleanup Micro Kit (Roche Diagnostics). Sequenc-
ing reactions were performed using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) and anal-
ysed on a 3130XL genetic analyser (Applied Biosystems).
The resulting sequences were deposited in the NCBI/Gen-
Bank database. Isolate and accession numbers are specified
in Table 1.

A total of 29 Ammonia sp. individuals were collected for
molecular identification (isolates HH001–HH029, Table 1).
Their test morphology was documented with a scanning elec-
tron microscope (SEM; Hitachi TM4000), and two images
were taken: full specimens in spiral view and a 1000× mag-

Plate 1. Scanning electron microscope (SEM) and light micro-
scopic images of Trochammina hadai. (1–8) SEM images of sub-
fossil T. hadai recovered from non-stained foraminiferal samples
taken in 2019. 22013–22020: Living individuals of T. hadai sam-
pled in 2023 and extracted for DNA (see Fig. 2 herein). Image in
frame: individual 22019 with active pseudopodia.

nification of the penultimate chamber of the spiral side (Sup-
plement S4). Morphometrical parameters were measured on
the 1000× image of the penultimate chamber following the
semi-automated method described by Petersen et al. (2016)
to identify Ammonia morphologically (Richirt et al., 2019).
Thereafter, each individual Ammonia was crushed and ex-
tracted in DOC buffer (Pawlowski, 2000). A fragment of
approximatively 500 bp within the barcode for foraminifera
(Pawlowski and Holzmann, 2014) was amplified in two steps
with a nested PCR. The first step consisted of the amplifica-
tion of a fragment of 1000 bp using the primers s14F3 and J2
(Pawlowski, 2000; Darling et al., 2016). The second step of
the nested PCR was performed using the primers s14F1 and
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N6 (Pawlowski, 2000). A total of 40 and 25 cycles were per-
formed for the first and the second PCR, with an annealing
temperature of 50 and 52 °C, respectively. Altogether, 26 of
the samples amplified positively, and 16 of them were sent
to Macrogen Europe (Amsterdam) for Sanger sequencing.
Among these 16 samples, 10 gave good-quality sequences,
which were deposited in the NCBI/GenBank database. Iso-
late and accession numbers are specified in Table 1. A further
6 samples gave low-quality sequences with background noise
and thus were not published.

3.4 Foraminifera: phylogenetic analysis

The obtained sequences of T. hadai were added to 26 se-
quences belonging to 22 textulariids and 4 Reophacidae
that are part of the publicly available 18S database of
rotaliid foraminifera (NCBI/Nucleotide; https://www.ncbi.
nlm.nih.gov/nucleotide/, last access: 14 November 2024).
All sequences were aligned using the default parameters of
the Muscle automatic alignment option, as implemented in
SeaView v. 4.3.3 (Gouy et al., 2010). The alignment contains
33 sequences with 1191 sites used for analyses.

The phylogenetic tree (Fig. 2) was constructed using
maximum-likelihood phylogeny (PhyML 3.0) as imple-
mented in ATGC: PhyML (Guindon et al., 2010). An auto-
matic model selection by SMS (Lefort et al., 2017) based
on the Akaike information criterion (AIC) was used, result-
ing in a GTR+R substitution model being selected for the
analysis. The initial tree is based on BioNJ. Bootstrap values
(BVs) are based on 100 replicates.

3.5 Sediment analysis for potentially toxic elements

For metal and arsenic analyses, all sediment samples were
weighed and sent to the ALS Scandinavia AB laboratory
in Luleå (Sweden). Prior to analyses, the samples were dis-
solved with HNO3 and were then analysed in an inductively
coupled plasma sector field mass spectrometer (ICP-SFMS)
according to the SS EN ISO 17294-1, 2 (mod) and EPA
200.8 (mod) standards. Metal and arsenic concentrations in
the sediments were classified into five ecological quality
status (EcoQS) classes (high, good, intermediate, poor, and
bad) based on Swedish Environmental Protection Agency
guidelines (Supplements S1–S2), which are defined based
on the deviation from reference conditions (Naturvårdsver-
ket, 2000). These guidelines use background levels (Sup-
plements S2–S3) measured in Swedish coastal sediments
reflecting pre-industrial levels generally found deeper than
55 cm depth in the sediment cores (Naturvårdsverket, 2000).
The metal and arsenic distributions were plotted on maps by
using the software QGIS 3.10. Spatial interpolation was used
to interpolate a projection between the measured contami-
nant concentration data points. For this we used the inverse
distance weighted (IDW) interpolation, which assumes that
the influence of one point relative to another declines with a

distance. Weighting of data points is controlled by a weight-
ing power. The greater the power, the more influence the
known values have. For this study, a power of 2 was used
in the metal data interpolation.

3.6 Statistical analysis

Relative abundances of foraminiferal species (Supple-
ment S5) were subjected to an initial detrended correspon-
dence analysis in R and indicated a short gradient (1.6 SD).
Therefore, a redundancy analysis (RDA) was applied on this
dataset to see which environmental parameter best explained
the distribution of foraminiferal species. Environmental pa-
rameter datasets (metals, As, and water depth) were mean-
centred, and the foraminiferal species dataset was log(x+ 1)-
transformed prior to the analysis. Moreover, a variance infla-
tion factor (VIF) analysis was performed to remove the effect
of multicollinearity of some environmental parameters on the
explained variability in foraminiferal species. Consequently,
Cr, Ni, and Pb data were removed from the RDA (VIF > 20).
Permutation tests (n= 999) were then performed to deter-
mine the significance of the whole analysis by axis and terms
(i.e. environmental parameters), and the adjusted explained
variability R2 was determined.

4 Results

4.1 Sediment description

Most sediment samples represented grey to greenish-brown
gyttja clay rich in molluscan shell debris, whilst fine to
medium sand was found outside the two cleaning plants
HP1 and HP2 (samples HIN6, HIN11, HIN12, HIN23).
Darker sediment was found outside HP1 (samples HIN22,
HIN25–29). Retrieved sediment cores had a few-millimetre-
thick layer of oxygenated sediment on top and a thick,
heavily anoxic layer below, with a distinct hydrogen sul-
fide scent detected at some stations (HIN3, HIN16, HIN17,
HIN20, HIN25). Estimated content of carbonate shell debris
reached > 50 % at stations HIN7 and HIN21. High shell de-
bris content was also found in the outermost part of the har-
bour (samples HIN1–3, 4, 6, 8).

4.2 Harbour foraminifera: species reconnaissance
based on morphological analysis of total
assemblages

From the 23 studied samples herein, 18 were rich in benthic
foraminifera (149.7–591 ind. g−1, with 308.2 ind. g−1 on av-
erage). Species richness was low, with 10 species per sam-
ple on average (range 6–11). There were 5 samples (HN27,
HN32–HN35) that contained high amounts of sand and were
completely barren of any foraminifera. Among the domi-
nant taxa (> 10 % in at least 2 samples) were Ammonia sp.,
Quinqueloculina seminulum (Linnaeus, 1758), Quinquelo-
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Table 1. Isolate and accession numbers of species analysed for single-cell DNA extractions.

Species Isolate Accession number Sampling locality

Ammonia confertitesta (phylotype T6) HH001 Not deposited, low quality Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH003 Not deposited, low quality Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH004 PQ514029 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH005 Not deposited, low quality Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH006 PQ514030 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH007 PQ514031 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH008 PQ514032 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH010 Not deposited, low quality Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH011 PQ514033 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH012 Not deposited, low quality Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH014 PQ514034 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH015 PQ514035 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH016 PQ514036 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH017 PQ514037 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH018 PQ514038 Sweden, Hinsholmskilen harbour
Ammonia confertitesta (phylotype T6) HH020 Not deposited, low quality Sweden, Hinsholmskilen harbour
Arenoparrella mexicana 229 AJ307741 USA, Sapelo Island, Georgia
Balticammina pseudomacrescens 35 MZ479307 Russia, White Sea, Chupa Inlet
Bigenerina sp. 31 AJ504688 Puerto Rico
Cyrea sp. NA X86095 France, Mediterranean Sea, St.Cyr
Cyrea szymborska 17247 LN886773 France, Mediterranean Sea, St. Claire
Eggerelloides scaber ce1 MZ475350 Denmark, Faroe Islands
Entzia macrescens 420 AJ307742 GBR, Dovey Estuary
Entzia sp. 505 MK121743 France, Camargue
Haplophragmoides wilberti 417 AJ312436 GBR, Dovey Estuary
Liebusella goesi R3 FR754403 Norway, Oslo Fjord
Reophax curtus 9713 MK121734 Russia, White Sea, Chupa Inlet
Reophax pilulifera 8206 MF770994 Antarctica
Reophax scorpiurus E17 AJ514850 Norway, Svalbard
Reophax spiculifer 3895 MF770993 Antarctica
Siphoniferoides sp. 655 AJ504690 Japan
Spiroplectammina sp. 2646 AJ504689 Norway, Svalbard
Srinivasania sundarbanensis EC4 MN364400 India, Sundarbans
Textularia agglutinans 17015 LN879399 Israel, Eilat
Textularia gramen 13634 MF771001 Denmark, Faroe Islands
Trochammina hadai 95 AJ317979 Japan, Hamana Lake
Trochammina hadai 4 MZ475345 USA, San Francisco, California
Trochammina hadai 21190 MZ707235 West Australia, Leschenault Inlet
Trochammina hadai 21522 OP288014 France, Le Havre, harbour
Trochammina hadai 22013 OR428345 Sweden, Hinsholmskilen harbour
Trochammina hadai 22014 OR428346 Sweden, Hinsholmskilen harbour
Trochammina hadai 22015 OR428347 Sweden, Hinsholmskilen harbour
Trochammina hadai 22016 OR428348 Sweden, Hinsholmskilen harbour
Trochammina hadai 22017 OR428349 Sweden, Hinsholmskilen harbour
Trochammina hadai 22018 OR428350 Sweden, Hinsholmskilen harbour
Trochammina hadai 22019 OR428351 Sweden, Hinsholmskilen harbour
Trochammina inflata 16337 MZ707242 Germany, Bottsand Lagune
Trochammina pacifica Troch1B MF771003 USA, San Francisco
Trochammina sp. 3 MZ479321 Russia, White Sea, Chupa Inlet

NA: not available

https://doi.org/10.5194/jm-44-119-2025 J. Micropalaeontology, 44, 119–143, 2025



126 I. Polovodova Asteman et al.: Leisure boat harbours, hidden alien species, and pollution

Plate 2. Other most common benthic foraminiferal species from
Hinsholmskilen harbour. (1) Elphidium williamsoni, (2–3) Elphid-
ium oceanense, (4) Haynesina germanica, (5) Elphidium albium-
bilicatum, (6) Elphidium clavatum, (7–8) Quinqueloculina seminu-
lum, (9) Miliammina fusca, (10–12) Quinqueloculina jugosa. (13–
16) Ammonia species showing different stages of dissolution: with-
out dissolution traces (14) and with growing evidence of dissolution
(13, 15–16).

culina jugosa Cushman, 1944, Miliammina fusca (Brady,
1870), and Trochammina hadai Uchio, 1962. Accessory
species (5 %–10 % in at least 2 samples) included Elphidium
clavatum Cushman, 1930, Elphidium williamsoni Haynes,
1973, Elphidium oceanense (d’Orbigny, 1826), and Hay-
nesina germanica (Ehrenberg, 1840). Among rare species
(< 5 %), Ammoscalaria runiana (Heron-Allen and Earland,
1916), Elphidium albiumbilicatum (Weiss, 1954), Elphid-
ium selseyense (Heron-Allen and Earland, 1911), and Mili-
olinella subrotunda (Montagu, 1803) were found (Plate 2).
Although we did not observe elevated abundances of abnor-
mal foraminiferal shells, shells of some species (mostly Am-
monia sp.) showed various stages of carbonate dissolution.

The putatively invasive species Trochammina hadai
(Fig. 5b) occurred in 16 out of 23 examined samples. The
absolute abundance of T. hadai varied between 2.3 and 64.1
individuals per gram dry sediment (19.2 ind. g−1 on average),

and its contribution to the foraminiferal assemblages con-
stituted 1.3 % to 22.6 % (6.3 % on average). Stations with
the highest numbers of T. hadai were HN12 and HN36
(20.4 % and 15.2 %, respectively) in the mid- and outer har-
bour, while the species was completely absent at stations
HN25 and HN28 in the innermost harbour, at which other
foraminiferal species prevailing in the assemblages were
found.

Ammonia sp. occurred at all studied stations, where it al-
ways exceeded 15 % (range of 15.2 % to 81.5 %, with 53.2 %
on average). Ammonia sp. was much more abundant than
T. hadai and had absolute abundances ranging from 38.7 to
276.6 ind. g−1 (160 ind. g−1 on average). Selected specimens
of Ammonia sp. were imaged with SEM and measured with
the semi-automated method for pore diameter (Petersen et
al., 2016) to distinguish morphologically the three Ammo-
nia species which could potentially live in harbours: Am-
monia confertitesta (phylotype T6), Ammonia aberdoveyen-
sis (phylotype T2), and Ammonia veneta (phylotype T1). In
total, 101 specimens were measured, and all had pore val-
ues ≥ 1.55 µm, which is above the pore threshold (1.4 µm)
for Ammonia aberdoveyensis (phylotype T2) as defined by
Richirt et al. (2019, 2021). The criterion to distinguish A.
confertitesta (T6) morphologically from A. veneta (T1) is
raised sutures in the latter. However, most Ammonia tests
from 2019 sampling were slightly to badly dissolved (Plate 2:
13, 15–16; Supplement S7), and shell dissolution influences
the size of pores and the raised sutures, which are the two
main criteria to morphologically discriminate between these
three Ammonia species. Therefore, due to the bad general
preservation of Ammonia tests, we decided to keep the mor-
phological identification at the genus level as Ammonia sp.

4.3 Morphological description of Trochammina hadai
and Ammonia confertitesta

Morphologically, the Trochammina hadai specimens col-
lected in Hinsholmskilen harbour compare favourably with
the 11 paratypes of Trochammina hadai Uchio (1962) housed
in the Cushman Collection (USNM CC 64882) at the Smith-
sonian National Museum of Natural History in Washington,
D.C., USA. They are characterized by agglutinated tests that
are white to yellowish brown in colour and are composed
of fine-grained sand with occasional other lithic fragments
(Plate 1, specimen 22013–22020). The tests are trochospiral,
with 4.5 to 5 chambers per whorl, arranged in three to four
whorls (Plate 1, specimen 1–2). The chambers are subglob-
ular and inflate quickly, particularly in the last two whorls
(Plate 1, specimen 5–6). All chambers may be seen on the
dorsal side, but only those of the last whorl can be seen on the
ventral side. The dorsal side is flat to slightly convex, and the
ventral side is deeply umbilicate. The sutures are generally
radial on both sides, and the aperture is an arched slit at the
base of the ultimate chamber on the umbilical side (Plate 1,
specimen 3, 4 and 8). Agglutinated tests of T. hadai did not
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react with 2 % HCl, suggesting organic cement, which is con-
sistent with previous studies (e.g. Tremblin et al., 2021).

Specimens of Ammonia from Hinsholmskilen harbour
were very similar to A. confertitesta individuals described in
the extensive review on Ammonia species (Hayward et al.,
2021: plate 26, specimens 13–15). This species is mainly de-
scribed as unornamented and characterized by two to three
whorls with seven to nine chambers in the last whorl, and this
makes it difficult to discriminate it from other highly similar
and unornamented Ammonia species observed in the north-
eastern Atlantic, i.e. A. aberdoveyensis and A. veneta. Also,
due to slight to severe traces of dissolution in most Ammonia
specimens in this study, they could not be identified at the
species level solely based on morphological criteria. There-
fore, these individuals were referred to as Ammonia sp. in the
total assemblage dataset.

4.4 Molecular identification of Trochammina hadai and
Ammonia confertitesta

The phylogenetic tree for Trochammina hadai (Fig. 2)
contains 33 sequences of agglutinated foraminifera and is
rooted in Reophacidae (R. scorpiurus, R. spiculifer, R. cur-
tus, R. pilulifera). The obtained sequences cluster with T.
hadai, supported by a high bootstrap value (BV) of 100 %.
Trochammina hadai is part of a clade that contains Srinivasa-
nia sundarbanensis, Eggerelloides scaber, and Trochammina
pacifica branching at the base. The clade, however, is not
supported by a bootstrap value (BV). Two other clades are
present in the tree. A second clade, also not sustained by a
BV, consists of Bigenerina sp., Textularia gramen, Textularia
agglutinans, Siphoniferoides sp., and Cyrea spp. branch-
ing as sister to the first clade. Liebusella goesi, Trocham-
mina inflata, Trochammina sp., and Spiroplectammina sp.
branch at the base of the two clades. A third clade with-
out BV support contains Balticammina pseudomacrescens,
Haplophragmoides wilberti, Entzia spp., and Arenoparrella
mexicana.

A total of 29 Ammonia specimens collected for DNA ex-
tractions were first identified morphologically. By examin-
ing their SEM images (Supplement S4) using the method de-
scribed by Petersen et al. (2016), they were all morphologi-
cally identified as A. confertitesta with a pore diameter range
of 1.8 to 4.3 µm. DNA barcoding agreed with this morpho-
logical identification based on SEM image morphometrics
(Supplement S7).

4.5 Sediment analysis for potentially toxic elements

Several metals (Cd, Co, Ni, and Pb; Figs. 3–4) were dis-
tributed all over the harbour, falling mainly within high and
good ecological quality status (EcoQS) corresponding to no
or little deviation from reference conditions (Naturvårdsver-
ket, 2000). Lead levels in proximity of the HP1 cleaning
plant were slightly elevated and corresponded to intermedi-

ate EcoQS (Fig. 4b). Arsenic showed mainly high to good
EcoQS but had its highest concentrations within the interme-
diate to poor EcoQS classes (a distinct to a large deviation) at
a few locations scattered in the outer and the inner harbour in
proximity of the HP1 cleaning plant (Fig. 5a). Both Zn and
Cr had a clear distribution pattern, with mostly high to inter-
mediate EcoQS in the outer harbour and poor to bad EcoQS
for a major part of the inner harbour (Figs. 5b, 6a). Mer-
cury had mostly moderate EcoQS but a few stations where
EcoQS was poor (Fig. 6b). Finally, Cu was the only metal
showing concentrations consistently falling within poor and
bad EcoQS (a large to a very large deviation from reference
conditions, respectively) all over the studied harbour (Fig. 7).

4.6 Statistical analysis

The RDA analysis using Cu, Zn, Co, As, Hg, Cd, and water
depth was significant (p < 0.05) and explained 29 % of the
variability in the foraminiferal species abundances in Hin-
sholmen (Fig. 8). Only the first axis (RDA1; p < 0.05) and
both water depth (p < 0.01) and Hg (p < 0.05) were signif-
icant. Trochammina hadai was positively influenced by the
water depth, as opposed to all the Elphidium species, which
were negatively influenced by the same environmental pa-
rameter. The central position of Ammonia sp., H. germanica,
Q. jugosa, and Q. seminulum on the first axis of the analy-
sis indicated that the water depth had neither a positive nor a
negative influence on these taxa. On the other hand, Ammo-
nia sp. and H. germanica abundances were positively influ-
enced by the Hg concentration, while both Quinqueloculina
species and, to a certain extent, M. fusca were negatively in-
fluenced by this parameter. All the other potentially toxic el-
ements analysed during this study had seemingly no impact
on the other species, suggesting an influence of unanalysed
environmental parameters.

5 Discussion

5.1 Hinsholmskilen harbour: a new home for putatively
invasive protists?

Based on dead and live benthic foraminiferal assemblage
data, the foraminifera species reported herein represent a
typical estuarine community with highly abundant Ammonia
and Elphidium species, as documented elsewhere in Euro-
pean estuaries (among many others, Nikulina et al., 2008;
Polovodova et al., 2009; Korsun et al., 2014; Darling et al.,
2016; Bird et al., 2020; Fouet et al., 2022; Golikova et al.,
2020; Jorissen et al., 2023; Pavard et al., 2023a, b).

Trochammina individuals found in Hinsholmskilen har-
bour clearly stand out compared to other Trochammina
species previously recorded in Sweden by their large shells
with inflated chambers and a shallow (1–2 m water depth)
habitat. In Gullmar fjord, 12 species of Trochammina were
reported by Höglund (1947), but none of these occur in such
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Figure 2. Phylogenetic trees showing individuals of Trochammina hadai from Hinsholmskilen harbour plotted versus individuals reported
and extracted to date from other places in the world. PhyML phylogenetic tree based on the 3’end fragment of the SSU rRNA gene, showing
the evolutionary relationships of 33 foraminiferal sequences belonging to textulariids and Reophacidae. Specimens marked in blue indicate
those for which sequences were acquired for the present study. The tree is rooted in Reophacidae (R. curtus, R. pilulifera, R. scorpiurus, and
R. spiculifer). Specimens are identified by their accession numbers. Numbers at nodes indicate bootstrap values (BVs). Only BVs > 70 % are
shown.

shallow-water conditions as those prevailing in Hinsholm-
skilen harbour. Despite a comprehensive body of literature
on recent foraminiferal distribution in Swedish fjords and
shallow inlets (e.g. Höglund, 1947; Gustafsson and Nord-
berg, 1999, 2000, 2001; Nordberg et al., 2017; Charrieau
et al., 2018; Groeneveld et al., 2018; Choquel et al., 2021;
Brinkmann et al., 2023; Morin et al., 2023; O’Brien et al.,

2024), sediments in Swedish shallow leisure boat harbours
and marinas have remained surprisingly understudied with
respect to their benthic foraminiferal communities. Of the
few studies performed to date, only Trochammina inflata was
reported within the intertidal zone and up to 6 m water depth
south and north of the city of Gothenburg (Alve and Mur-
ray, 1999; Murray and Alve, 1999). Foraminiferal commu-
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Figure 3. Map showing the distribution of cadmium (a) and cobalt (b) in surface sediments of Hinsholmskilen harbour. Different colours or
metal concentrations correspond to the five EcoQS classes as defined by the Swedish Environmental Protection Agency (Naturvårdsverket,
2000). HP1 and HP2 stand for high-pressure cleaning stations, where boats are lifted and rinsed with pressurized water.

nities in Gullmar fjord and the Skagerrak were also stud-
ied in the 1940s by Höglund (1947), who did not find T.
hadai among other Trochammina species in shallow loca-
tions (7–10 m). However, seven specimens of Trochammina
were collected in 2015 in a mudflat in Fiskebäckskil, Gullmar
fjord (Supplement S6), and one of them (GF269, Table 1)
could be successfully sequenced (GenBank accession num-
ber: PQ514028) and was identified as T. hadai. This species
was also spotted in sedimentary eDNA from different wa-
ter depths (30–117 m) of the Gullmar, Koljö, and Havstens
fjords between 2017 and 2020, but whether this species was
present there as dormant propagules (i.e. resting stages of
foraminifera), waiting for optimal environmental conditions
for growth, or was actually living in these fjords has not yet
been verified by morphological data or single-cell DNA ex-
tractions (Brinkmann et al., 2023). Propagules can remain
dormant up to 2 years and are often subject to transport by
currents facilitating the spread and colonization of species
(Alve and Goldstein, 2010).

Trochammina hadai Uchio, 1962 is a well-known puta-
tively invasive species, with a native range of distribution
in Asia, including Japan (Matoba, 1970; Matsushita and Ki-
tazato, 1990), India (Rao, 1974; Rao et al., 2000), South Ko-
rea (Choi and An, 2012), and China (Zheng and Fu, 1990).
It was introduced to the west coast of the United States
sometime prior to 1971 (McGann, 2012), where it has out-

competed native foraminifera species (McGann, 2012) and
is presently found in estuaries and harbours from Prince
William Sound, Alaska, in the north to San Diego Bay, Cal-
ifornia, in the south (McGann et al., 2019). This species
has expanded its range further by recently being recorded
in Brazil (Eichler et al., 2018) and Australia (Tremblin et
al., 2021) and has even arrived in Europe, with its first pub-
lished record in the English Channel (Bouchet et al., 2023).
Trochammina hadai is a shallow-water agglutinated species,
thriving in brackish lakes, estuaries, harbours, and sheltered
bays (Kitazato and Matsushita, 1996). The species is known
by its faster reproduction, as compared to other Trochammina
species (6 h vs. 24 h in T. inflata: Angell, 1990), and has a
biphasic life cycle, with sexual reproduction in spring and
asexual reproduction in autumn (Matsushita and Kitazato,
1990; Kitazato and Matsushita, 1996). A biphasic life cycle
and the presence of dormant propagules are important for
successful microorganism invasions (Ruiz et al., 2000). Sex-
ual reproduction, releasing free-swimming gametes, is ad-
vantageous to maintain widespread distribution of T. hadai
during seasonal oxygen depletion (Kitazato and Matsushita,
1996) and likely explains its invasive character and fast
spreading rates. Choi and An (2012) previously reported an
increased abundance of T. hadai in the inner Busan North
Port (South Korea) polluted by Cu, Zn, and Pb but noted that
T. hadai abundance decreased at the highest metal concentra-
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Figure 4. Map showing the distribution of nickel (a) and lead (b) in surface sediments of Hinsholmskilen harbour. Different colours or metal
concentrations correspond to the five EcoQS classes as defined by the Swedish Environmental Protection Agency (Naturvårdsverket, 2000).
HP1 and HP2 stand for high-pressure cleaning stations, where boats are lifted and rinsed with pressurized water.

tions, which is consistent with the pattern observed in Hin-
sholmskilen harbour. This suggests species tolerance up to a
certain metal concentration threshold.

Another well-known non-indigenous species, which has
also been observed in Hinsholmskilen harbour, is Ammo-
nia confertitesta Zheng, 1978 (phylotype T6). The species
is known to have disjunct occurrences in Asia, Europe, and
North America and belongs to a so-called “Ammonia tepida
morphogroup”, which includes A. aberdoveyensis, A. confer-
titesta, and A. veneta (sensu Hayward et al., 2021). Having
its type locality in China, A. confertitesta was suggested to
have arrived in Europe from Asia (Pawlowski and Holzmann,
2008; Schweizer et al., 2011), and it has been reported ever
since in coastal regions of France, the UK, the Netherlands,
Germany, and Denmark (e.g. Schweizer et al., 2011; Saad
and Wade, 2016; Bird et al., 2020; Francescangeli et al.,
2021; Richirt et al., 2021; Pavard et al., 2023a, b). In Swe-
den, the presence of A. confertitesta was reported based on
morphological and molecular data for Hanö Bay in the Baltic
Sea (18 specimens; Groeneveld et al., 2018), Havstens Fjord
(1 specimen; Brinkmann et al., 2023), and a mudflat in Fiske-
bäckskil in Gullmar fjord (38 specimens; Magali Schweizer,
personal communication, 2024). In addition, high amounts
of eDNA (40 % of the total number of foraminiferal reads)
were identified for this species in the Gullmar, Koljö, and
Havstens fjords, but, as the reads were mostly found in the

0.5 g sediment DNA extractions, they could mainly belong
to propagules (Brinkmann et al., 2023).

Morphological identification of Ammonia individuals to
the species level was difficult due to the dissolution of tests.
Dissolution features similar to those observed in our study
were reported from other shallow settings on the Swedish
west coast, where calcareous species, abundant during the
summer season, would suffer severe carbonate dissolution or
even completely disappear in the autumn, leaving only in-
ner organic linings behind due to severe seasonal hypoxia
(Nordberg et al., 2017). In anoxic sediments, the pore water
pH can drop to 6.9 (Ben-Yaakov, 1973), whereas significant
dissolution in Ammonia species in culture experiments has
been observed at pH levels between 7.1 and 7.9 (Haynert et
al., 2011). In a study addressing the combined effects of de-
oxygenation, ocean acidification, and warming, Bernhard et
al. (2021) found that propagule-grown assemblage changes
were mainly driven by oxygen, whilst changes in tempera-
ture and pCO2 appeared of less importance to foraminifera.
Strong carbonate dissolution in foraminiferal shells in estu-
aries was also attributed to cable bacteria activity, which sig-
nificantly impacts sediment geochemistry and is associated
with an “oxygen decline in the surface sediment combined
with a pH maximum in the oxic zone, followed by a strong
acidification of the pore water in the suboxic zone” (Davi-
ray et al., 2024). Whether Hinsholmskilen harbour sediments
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Figure 5. Map showing the distribution of arsenic (a) and zinc together with the distribution of Trochammina hadai Uchio, 1962 versus
other foraminiferal species (b) in surface sediments of Hinsholmskilen harbour. Different colours or concentrations correspond to the five
EcoQS classes as defined by the Swedish Environmental Protection Agency (Naturvårdsverket, 2000). HP1 and HP2 stand for high-pressure
cleaning stations, where boats are lifted and rinsed with pressurized water.

had cable bacteria present or not is difficult to speculate, but
we suggest that shell dissolution observed in our study likely
occurred postmortem and resulted from the heavily anoxic
layer below the sediment surface noted during sampling.

Molecular analysis confirmed that A. confertitesta was
present in Hinsholmskilen harbour. Ammonia confertitesta
is sensitive to anoxia and responds to severe oxygen deple-
tion by dormancy reflected in reduced metabolism and low
diatom feeding rates (LeKieffre et al., 2017). The species
also shows cellular changes in the form of accumulated lipid
droplets, an increase in electron-dense bodies, and possible
cytosol metabolization as a response to environmental stress
(Koho et al., 2018). This species neither stores intracellular
NO−3 nor shows any denitrification activity (Piña-Ochoa et
al., 2010) and does not have a kleptoplastic activity either
(Jauffrais et al., 2016, 2018). Most recent studies, however,
show that A. confertitesta accumulates large quantities of in-
tracellular phosphate with important implications for nutri-
ent regulation and mitigation of eutrophication (Glock et al.,
2025). Ammonia confertitesta is an effective heterotrophic
omnivore, which seems opportunistic and feeds on organic
detritus, bacteria, diatoms and other microalgae, fungi, and
even small metazoans such as nematodes (Chronopoulou et
al., 2019; Schweizer et al., 2022). In the studies of LeKi-
effre et al. (2017), Koho et al. (2018), and Piña-Ochoa et

al. (2010), the Ammonia specimens were identified as Am-
monia tepida or Ammonia sp., but molecular analyses on the
same populations showed that the main phylotype was T6
(Bird et al., 2020), now known as A. confertitesta (Hayward
et al., 2021). Ammonia confertitesta appears to have com-
parable ecological requirements to A. aberdoveyensis and A.
veneta (Fouet et al., 2024), although the former may be more
tolerant to brackish waters (Schweizer et al., 2011) and is
more opportunistic (Fouet et al., 2024). The opportunistic be-
haviour of A. confertitesta can explain its preferential pres-
ence in highly industrialized harbours of the Elbe estuary
and the English Channel, which have high metal pollution
(Francescangeli et al., 2016; Pavard et al., 2023a, b), which
is consistent with the positive relationship between Ammo-
nia species and some of the metals in our study (Fig. 8).
Another element which could help A. confertitesta to spread
quickly is the high number of propagules it may produce, as
two studies comparing morphological and eDNA data indi-
cated a high percentage of reads for this species: 40 % of the
total foraminiferal reads (Brinkmann et al., 2023) and 53 %
of the Ammonia reads (Fouet et al., 2024), respectively.

The presence of two non-indigenous species raises a ques-
tion about their vector of transport. The Port of Gothenburg
is the largest port in Scandinavia, receiving about 5800 ship
calls per year and about 30 % of Swedish foreign trade pass-
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Figure 6. Map showing the distribution of chromium (a) and mercury (b) in surface sediments of Hinsholmskilen harbour. Different colours
or metal concentrations correspond to the five EcoQS classes as defined by the Swedish Environmental Protection Agency (Naturvårdsverket,
2000). HP1 and HP2 stand for high-pressure cleaning stations, where boats are lifted and rinsed with pressurized water.

ing through it (Port of Gothenburg, 2023). The port is more
than 400 years old and has a long history of international
trade with Asia through the Swedish East India Company,
which was founded in Gothenburg in 1731 and conducted
132 expeditions to China, trading tea, spices, porcelain, and
silk. Hence, the ship traffic with its ballast water and sedi-
ment would be the most likely primary vector of transport
for our two alien species. Since both T. hadai and A. con-
fertitesta have recently been reported in French harbours of
the English Channel (Bouchet et al., 2023; Pavard, 2023a, b),
and given the prevailing current pattern with water transport
through the English Channel into the Skagerrak and the Kat-
tegat (Fig. 1a), the transport of both T. hadai and A. confer-
titesta to the Swedish west coast appears very likely. There
are documented cases of other species introductions first ap-
pearing in France and then in Sweden, for instance, the Asian
brush-clawed shore crab Hemigrapsus takanoi Asakura and
Watanabe, 2005 and the Japanese shore crab Hemigrapsus
sanguineus (de Haan, 1853), which both first arrived to Le
Havre (France) in the late 1990s and since then spread along
the NW European coasts from western France to the Ger-
man North Sea, Wales and Scotland, eastern Ireland, western
Sweden, and southern Norway (Karlsson et al., 2019). Also,
both T. hadai and A. confertitesta have previously been sug-
gested to originate from Asia, which is supported by many
other species introduced to Sweden from Asia, as registered
by the Swedish Agency for Marine and Water Management

(SAMWM, 2023). Examples of those, among many others,
are the toxic algae Pseudochattonella verruculosa Hara and
Chinara, 1994 and Fibrocapsa japonica Toriumi and Takano,
1973, causing fish kills (Skjevik, 2004; Tango et al., 2004);
the Japanese skeleton shrimp Caprella mutica Schurin, 1935,
quickly reproducing and causing decline of the native shrimp
Caprella linearis (Daneliya and Laakkonen, 2012); the di-
atom Coscinodiscus wailesii Gran and Angst 1931, causing
massive algal blooms but not suitable as food for the native
copepods (Jansen, 2008); the epiphytic red alga Bonnemaiso-
nia hamifera Hariot 1891, creating dense carpets on hard bot-
toms but non-grazeable for herbivores due to its complex
chemical defence mechanism (Enge et al., 2012); and, fi-
nally, the parasitic oyster mud worm Polydora websteri Hart-
man, 1943 (Loosanoff and Engle, 1943), likely introduced to
Sweden together with the Japanese oyster Magallana gigas
(Thunberg, 1793) and since then causing substantial prob-
lems in commercial oyster farming (Swedish Environmental
Institute, 2020). The introduction of the Japanese oyster M.
gigas may have facilitated the global spread of Trochammina
hadai, as suggested in a review by McGann et al. (2025) (this
volume).

In addition to transport by propagules, transport by leisure
boat anchors appears a very likely secondary spreading vec-
tor (e.g. Simkanin et al., 2009; Ashton et al., 2022; Costello
et al., 2022) for T. hadai and A. confertitesta, given the
proximity of Hinsholmskilen harbour to the Port of Gothen-

J. Micropalaeontology, 44, 119–143, 2025 https://doi.org/10.5194/jm-44-119-2025



I. Polovodova Asteman et al.: Leisure boat harbours, hidden alien species, and pollution 133

Figure 7. Map showing the distribution of copper in surface sedi-
ments of Hinsholmskilen harbour. Different colours or metal con-
centrations correspond to the five EcoQS classes as defined by
the Swedish Environmental Protection Agency (Naturvårdsverket,
2000). HP1 and HP2 stand for high-pressure cleaning stations,
where boats are lifted and rinsed with pressurized water.

burg. Both species could also arrive first in ballast wa-
ter and sediment to the latter with larger commercial ships
and then spread to the south with small boats, given their
high numbers and numerous leisure boat harbours present
in the region. At this point, it is impossible to speculate
about the arrival times of T. hadai and A. confertitesta, since
this study only provides a first glimpse of the composition
of foraminiferal communities in Swedish leisure harbours
mainly due to (a) lack of studies in the area and (b) for-
mer lumping of the “Ammonia group” morphology as Am-
monia spp. in Swedish waters (e.g. Nordberg et al., 2017;
Charrieau et al., 2018). Hence, future studies using sediment
cores with SEM identification and sedaDNA analysis from
the study area could help to unveil the history of introduction
of both T. hadai and A. confertitesta to the region.

Regarding the potential ecological effects of both alien
species in Hinsholmskilen harbour, T. hadai is not yet highly
abundant (5 %–20 %) there; hence, ecological effects of its
introduction and whether it will establish itself as an invasive

species in the area remains to be seen. In contrast, based on
morphological data, Ammonia species are highly dominant
in the harbour today and comprise up to 81 % of the commu-
nity, with molecular data suggesting the presence of mostly
A. confertitesta (Supplement S7, see T6). Given that A. con-
fertitesta has the highest known storage to date of intracel-
lular phosphate among foraminifera, its potential ecological
effects start to emerge and can be linked to the mitigation
of coastal eutrophication (Glock et al., 2025). Future stud-
ies focused on living benthic foraminiferal communities in
Hinsholmskilen harbour could establish whether A. confer-
titesta and T. hadai can outcompete native species with neg-
ative consequences for benthic diversity in the area.

5.2 Hinsholmskilen: small leisure harbour with high
metal and arsenic pollution

Our results confirm that small boat harbours can be highly
contaminated by metals and arsenic. Based on our study,
most metal concentrations showed moderate to poor and bad
EcoQS in the inner harbour and high to good EcoQS in the
outer harbour. The only metals with different distributions
were Hg and Cu, both of which showed poor and bad EcoQS,
respectively, all over Hinsholmskilen harbour. This is consis-
tent with a previous study by Bengtsson and Cato (2011),
who investigated two sites in the inner and outer harbour in
2010 and found similar levels of metal in the surface sedi-
ments (Figs. 3–7).

The harbour is surrounded by exposed bedrock consist-
ing of granodiorite and tonalite, so it is reasonable to assume
that high metal concentrations in Hinsholmskilen can result
from local bedrock. However, metal content in acid-leached
granodiorite showed that bedrock levels for As, Cd, Co, Cu,
Hg, Ni, Pb, and Zn did not exceed our levels, correspond-
ing to high and good EcoQS (Dattola et al., 2024, and Ta-
ble 3 therein). For tonalite, soils in the tonalite–trondjhemite
series (central India) were shown to contain somewhat ele-
vated Pb and Ni levels, equivalent to our levels of interme-
diate and poor EcoQS (Shukla et al., 2017). In our case,
however, Ni has consistently low values (high EcoQS) all
over the harbour, whilst Pb increases to intermediate EcoQS
but only in the inner part close to the cleaning station HP1.
Hence, because the general distribution pattern of metals
and As matches the location of cleaning plants and because
contaminant levels are generally higher in the inner harbour
with higher boat traffic, we believe that boating activities and
maintenance are the source of metals rather than local geol-
ogy.

If, then, the highest metal pollution would be expected
from boat traffic and maintenance, this should be reflected in
the distribution of metals and metalloids specifically linked
to boating activity, such as Co, Cu, Zn, Cr, Hg, Pb, and As.
For instance, Co occurs in fossil fuels (Cato, 1997) and in this
study has the highest concentrations proximal to the clean-
ing plants (Fig. 3b), which most boats pass through. Cobalt
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Figure 8. Redundancy analysis of foraminiferal species and environmental data from the sampling campaign in 2019. The triplot (green)
shows the constraining environmental parameters, while yellow triangles and red dots represent species data and sampling sites, respectively.
The first and second axes (RDA1 and RDA2) explained 28.35 % and 13 % of the explained variability in the species, respectively.

pollution is often linked to exhaust gases from boats and, in
particular, to the old low-efficiency two-stroke engines most
commonly used by small leisure boat owners. In these en-
gines, up to 30 % of the fuel is directly discharged into the
water un-combusted (Naturvårdsverket, 2009). Even though
Co concentrations in Hinsholmskilen harbour remain at nat-
ural background level, the pattern of Co spatial distribution
suggests an anthropogenic source due to the highest concen-
trations found close to the cleaning plants (Fig. 3b).

Copper showed a similar distribution pattern to Co, but,
in contrast, Cu levels indicated bad EcoQS classes all over
the harbour (Fig. 7). This metal is extensively used in an-
tifouling paints for small leisure boats, and, in Sweden, Cu
and Zn are the only biocides currently allowed in leisure boat
paints (Cato, 1997; Thomas and Brooks, 2010; Nordberg et
al., 2012; Moksnes et al., 2019). Copper enters the marine
environment either during high boat season through leach-
ing from boats or as “antifouling paint particles” (Turner,
2010) at high-pressure cleaning plants when boats are lifted
on land, rinsed, and prepared for winter storage.

As, Zn, Cr, Hg, and Ni are also present in antifouling
paints (Cato, 1997; Turner, 2010; Nordberg et al., 2012), and
their levels increase again towards the inner harbour, reach-
ing intermediate and poor EcoQS classes (Figs. 4a, 5a, 6a, b),
which suggests small leisure boats with old paints as a possi-
ble impact source. In particular, Cr, Ni, and Pb are known to
leach more rapidly from the antifouling paint particles than
from the painted surface of the boats, which is caused by a
greater surface area of pigments and additives exposed to a
liquid medium (Turner, 2010). Also, in wooden docks, chro-
mated copper arsenate is commonly used as an impregnat-
ing agent, with a lifespan of about 15 years (Hingston et al.,
2001, and references therein). Studies on pollution caused
by Cr, Cu, and As from wood impregnation have shown that
the highest metal and As leakage from impregnated wood to
the marine environment occurs soon after dock installation
(Morrell and Huffman, 2004). The docks in Hinsholmskilen
harbour were installed between 1965 and 1975 and have most
likely required major maintenance for the replacement of
wooden parts since their first installation, which would be
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a possible source of new As, Cr, and Zn pollution. Mercury,
on the other hand, is rather evenly distributed in the harbour
(Fig. 6b), reflecting a regional decrease in Hg deposition due
to the phasing out of industrial Hg use since the late 1970s to
early 1980s (e.g. Polovodova Asteman et al., 2015; Moros et
al., 2017).

Finally, Pb distribution in the surface sediments of Hin-
sholmskilen harbour shows generally good EcoQS (Fig. 4b),
with the exception of the innermost harbour, where sites
proximal to the cleaning plant HP1 show intermediate
EcoQS, again likely associated with metal runoff from land.
Lead has also been used as a biocide in antifouling paints,
but it was banned in 1960s, when it was replaced by TBT
(Egardt et al., 2017). Along the Swedish west coast, Pb lev-
els have also been steadily decreasing following the ban of
leaded gasoline in 1995 (Polovodova Asteman et al., 2015;
Nordberg et al., 2017; Kankainen et al., 2023), which is con-
sistent with the low Pb concentrations found in Hinsholm-
skilen harbour surface sediments.

Bengtsson and Cato (2011) previously suggested that
higher metal levels in the inner Hinsholmskilen harbour re-
sult from continuous metal supply from land, due to the boat
uptake and cleaning and other maintenance work done in the
harbour. Analyses of sludge in the sewage, stormwater, and
drainage wells near cleaning stations showed that levels of
metals, TBT, and Irgarol exceed bad EcoQS class, and high
contaminant concentrations in the sludge were similar to lev-
els found in hazardous waste (Bengtsson and Wernersson,
2012). In our study, higher concentrations of Cu, Pb, and
Zn in proximity to the point source (high-pressure cleaning
plants) clearly support this and demonstrate that small leisure
boats may cause significant environmental impact on the ma-
rine environment.

When comparing average metal concentrations in the sur-
face sediments found in other harbours and fjords on the
Swedish west coast, Hinsholmskilen harbour clearly stands
out with its high levels of Cr, Cu, and Zn (Fig. 9). Con-
centrations for those metals even exceed those in the pre-
viously highly polluted harbours of Byfjord (Uddevalla har-
bour) and Idefjord, which are both areas highly affected by
past industrial activities, such as shipbuilding and pulp and
paper mills, respectively (e.g. Rosenberg, 1977; Polovodova
Asteman et al., 2015). This could be explained by compar-
ing contaminant levels present in surface sediments only,
since most of the industrial discharges in other harbours have
ceased since the 1990s and can nowadays be found deeper
in sediment core layers deposited over the 1970s and 1980s
(e.g. Polovodova Asteman et al., 2015), which were not tar-
geted in our study. Levels of Zn found in Hinsholmskilen
harbour, on the other hand, are very close to what has been
reported for the Port of Gothenburg and the inner estuary of
the Göta älv river (Brack et al., 2001), around which about
70 % of Swedish industries are located within a radius of
500 km. Two other small leisure boat harbours of Grebbestad
and Fiskebäckskil (Fig. 9) show either comparable or even

Figure 9. Comparison of metal and arsenic distribution in sur-
face sediments of Hinsholmskilen harbour (red) to other harbours
and fjords on the Swedish west coast. Pollutant concentration data
were averaged to obtain one mean value per harbour or fjord. Data
for Hakefjorden, Wallhamn harbour, Skärhamn harbour, Havstens
Fjord, Uddevalla harbour, and small boat harbours of Grebbestad
and Fiskebäckskil represent previously unpublished data, while data
for Idefjord are from O’Brien et al. (2024).

higher levels of Cu, Zn, Hg, and Cd than Hinsholmskilen.
This shows that leisure boat harbours indeed experience ele-
vated concentrations of potentially toxic elements, and more
research on these coastal settings could improve the under-
standing of potential ecosystem impacts.

6 Conclusions

Based on our reconnaissance survey, the total foraminiferal
assemblages in Hinsholmskilen harbour represent a typical
estuarine community with highly abundant Ammonia and El-
phidium species, as documented elsewhere in European estu-
aries. Both molecular and morphological data show the pres-
ence of two alien and putatively invasive species likely orig-
inating from Asia, Trochammina hadai and Ammonia con-
fertitesta (phylotype T6), suggesting both propagules and
transport by leisure boat anchors as very likely secondary
spreading vectors. Both T. hadai and A. confertitesta could
first have arrived in ballast water and sediment to the Port
of Gothenburg with larger commercial ships, or with intro-
duced oysters to the adjacent Scandinavian seas, and then
spread further with small boats and propagules. Based on po-
tential toxic element analysis, Hinsholmskilen harbour has
good to high EcoQS corresponding to no or little deviation
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from reference conditions for Cd, Co, Ni, and Pb distribution.
In contrast, Pb, As, Zn, and Cr all show poor to bad EcoQS
in the innermost harbour in proximity to high-pressure clean-
ing plants, where leisure boats are usually lifted, cleaned, and
prepared for winter storage on land. Finally, Cu and Hg show
consistently bad and poor EcoQS all over the harbour, sug-
gesting continuous use of both metals as biocides in antifoul-
ing boat paints. Our study shows that leisure boat harbours
experience environmental problems related to pollution and
the introduction of alien and invasive species, and additional
research on these coastal settings could help further under-
stand their potential ecosystem impacts.
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