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Abstract. A non-indigenous species (NIS) of benthic foraminifera was first identified in a core collected in
1993 in San Francisco Bay, California, USA, and subsequently identified as Trochammina hadai Uchio, 1962.
Archived samples and literature reviews were used to determine that the species, which is native to Asia, arrived
in San Francisco Bay between the early 1960s and 1983. Through molecular analyses of specimens, archived
samples and literature reviews from 1930–1983, and site surveys of harbors and estuaries along the western
North American seaboard in 1994–2024, in total more than 2500 samples, we documented the presence of T.
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hadai at 73 locations in the USA and four in Canada. Trochammina hadai has also been recovered at nine
sites in Sweden, two in France, three in Brazil, and two locations at one site in Australia. The rapid temporal
and geographic spread of the NIS T. hadai in a non-native location is illustrated by a time series from 1930 to
2024 in San Francisco Bay. Between 1980 and 1986, the species’ range expanded from low abundance (1.5 %)
at a single site to cover nearly the entire South Bay with > 70 % abundance at some locations. By 1995 and
continuing into 2010, the species expanded its range into the central and northern portions of San Francisco Bay,
commonly with abundances of > 30 % and sometimes exceeding 70 %. This expansion may predate 1995, but a
lack of samples makes it difficult to be more precise. Unfortunately, two Pb-210 and Cs-137-dated cores (BC01
and BC02) recovered from northern South Bay and Central Bay did not clarify this point, but additional cores
may. Trochammina hadai is an infaunal opportunist that thrives in polluted locations. We surmise the species was
introduced along the west coast of the USA in Puget Sound between 1902 and the 1920s, with cultivated oysters
and oyster larvae and associated plant matter and residual sediment. This probably also happened in some areas
of France, Sweden, and Brazil, where Japanese oysters were introduced in 1966, 1970, and 1975, respectively.
After World War II, commercial shipping expanded dramatically and, with it, the release of ballast water and
sediment in receiving ports, which introduced NIS worldwide. This primary vector of introduction occurred in
large industrial harbors in several countries, sometimes followed by secondary introductions in small industrial
centers and marinas by mud attached to the anchors and anchor chains of smaller boats.

1 Introduction

Biological invasions have greatly impacted ecosystems
worldwide, particularly in urbanized ports of coastal bays
and estuaries (Ruiz et al., 2000; Hewitt et al., 2004; Ruiz and
Hewitt, 2009; Seebens et al., 2013). However, few studies
have focused on the introduction of non-indigenous microor-
ganisms (Drake et al., 2001; Ruiz et al., 2011; Stulpinaite et
al., 2020), although they may impact ecosystem functioning
(Fernandes et al., 2001) and include many human and animal
pathogens (i.e., bacteria, particularly Vibrio cholerae O1 that
causes human cholera, and viruses; McCarthy and Kham-
baty, 1994; Drake et al., 2001; Dobbs et al., 2023; Mimura
et al., 2005; Oliveira, 2008; Emami et al., 2012).

Due to their small size, unicellular species are often over-
looked in survey tracking of non-indigenous species (NIS)
(Massé et al., 2023). For example, current ballast water regu-
lations allow ships to discharge ballast waters with less than
10 viable organisms of the size range of 10–50 µm mL−1

(International Maritime Organization, 2004). Yet, unicellu-
lar species are the dominant biological component in ballast
waters (Hülsmann and Galil, 2002; Granmo et al., 2018) and
have juvenile and dormant stages (propagules) of just this
size range (Alve and Goldstein, 2010). Hence, their propag-
ules will be overlooked and disregarded as “viable organ-
isms” by the ballast water regulations, despite the fact that
they are able to arrive at new destinations where they may
grow, reproduce, establish adult populations, and spread.
Therefore, there is an urgent need to track these invisible in-
vaders.

One of the earliest studies of non-indigenous microorgan-
isms was of a single species of benthic foraminifera from
the western coast of North America collected in 1946 that
Harrington (1956) suspected was exotic. In collections from

Tomales Bay, approximately 70 km north of San Francisco
Bay (Fig. 1), he found several specimens of Ammobaculites
exiguus Cushman and Brönnimann, in a mud sample col-
lected in April 1946 from the edge of the tidal flat a short
distance northwest of the town of Inverness. Harrington had
never previously seen this species in his collections from
Tomales Bay. Then in 1952 and 1955, he recovered Am-
mobaculites exiguus, Ammobaculites dilatatus Cushman and
Brönnimann, and Miliammina (= Quinqueloculina) cf. M.
fusca (Brady) near the 1946 location, as well as in the north
side of the bay in 1955. Because the two species of Am-
mobaculites were so common in the mud of Tomales Bay
in the early 1950s and were not mentioned in earlier sur-
veys of the bay by Bush (1930) or Frank. B. Tolman (Recent
littoral foraminifera of the central California coast, unpub-
lished manuscript with checklist of foraminifera, 1933), Har-
rington concluded that they, as well as Miliammina cf. M.
fusca, must have migrated or were introduced into the bay,
possibly in about 1936 along with seed oysters (oyster larvae
or “spat”) from Japan.

The trend of not including microorganisms in NIS surveys
has changed within the last 3 decades as non-indigenous ben-
thic foraminifera have been reported in many regions world-
wide. Most studies have focused on the “Lessepsian Inva-
sion” where Red Sea organisms have entered the Mediter-
ranean Sea through the Suez Canal (e.g., Bresler and Yanko,
1995; Hyams et al., 2002; Langer et al., 2012; Merkado et
al., 2013; Weinmann et al., 2013; Stulpinaite et al., 2020), but
other studies have reported NIS foraminifera in South Amer-
ica (Pupo and Disaró, 2006; Calvo-Marcilese and Langer,
2010; Eichler et al., 2018; Faria et al., 2021; Eichler, 2024),
northern Europe (Bouchet et al., 2007; Schweizer et al.,
2011; Polovodova Asteman and Schönfeld, 2016; Deldicq
et al., 2019), the Adriatic Sea (Wiesner, 1911), Australia
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Figure 1. Map of Northern California showing the locations of
Tomales Bay and San Francisco Bay. The Tomales Bay town of In-
verness is the site where Ammobaculites exiguus was first observed
in 1946, making it possibly the earliest record of a suspected non-
indigenous foraminifera in coastal western North America (Har-
rington, 1956).

(Tremblin et al., 2021), Aotearoa / New Zealand (Hayward,
1997; Hayward et al., 1999), Canada (McGann and Holz-
mann, 2024), and possibly the northeastern Gulf of Amer-
ica (Moss et al., 2016). Richirt et al. (2021) found that in
Great Britain an Asian phylotype of the genus Ammonia (i.e.,
Ammonia confertitesta Zheng; Hayward et al., 2021) was re-
placing the autochthonous phylotypes T1 and T2 (A. veneta
Schultze, and A. aberdoveyensis Haynes, respectively; Hay-
ward et al., 2004, 2021). Ammonia confertitesta has now
been found as an invasive in Germany (Langer and Leppig,
2000; Ertan et al., 2004; Schweizer et al., 2011; Hayward
et al., 2021), the Netherlands (Hayward et al., 2004, 2021;
Richirt et al., 2019), Sweden (Bird et al., 2020; Polovodova
Asteman et al., 2025), France (Bird et al., 2020, Pavard et al.,
2023a, 2023b), and Canada (McGann and Holzmann, 2024).

Trochammina hadai may be the most comprehensively
studied non-indigenous foraminifer. This benthic estuarine
species is native to Asia (Fig. 2), originally described as
“off River Shinano, Niigata-ken, Japan” by Uchio (1962)
(Plate 1). Trochammina hadai has also been reported as in-
digenous from other sites in Japan (Morishima and Chiji,
1951; Matoba, 1970; Ikeya, 1977; Matsushita and Kitazato,
1990; Toyoda and Kitazato, 1995, and references therein)
(Plate 2, Fig. 1a–b; Plate 3, Figs. 1a–2b); Jeju Island of
South Korea (Choi and An, 2012; Kim et al., 2016); and
China in the Bohai Sea portion of the Yellow Sea (Zheng

and Fu, 1990; Lei and Li, 2016). We suspect that reports of
the species’ presence in India, noted as T. hadai in Rao et al.
(2000), T. globigeriniformis (Parker and Jones) in Nigam and
Thiede (1983), T. globigeriniformis var. pygmaea Höglund in
Rao (1974), and T. globigeriniformis cf. globulosa Cushman
in Seibold (1974), do not reflect native occurrences but a pos-
sible NIS invasion due to the widespread distance and lack of
direct current exchange between the eastern coast of Asia and
India.

The first record of T. hadai as a NIS was in San Fran-
cisco Bay (McGann, 1995; McGann et al., 2000), a highly
invaded estuary within a highly invaded bioregion (Cohen
and Carlton, 1995, 1998; Ruiz et al., 2011). The species was
found in the upper 20 cm of a core (DJ6-93SF-6) collected
in 1993 in the western portion of southern San Francisco
Bay (an embayment referred to locally as South Bay; Fig. 3)
near San Francisco International Airport, at a water depth
of 3.5 m (37.6305° N, 122.3650° W; U.S. Geological Survey
Field Activity Number D-1-93-SF; McGann et al., 2024).

It has now been 3 decades since T. hadai was first recog-
nized as a NIS in San Francisco Bay. The purpose of this
study is to update the record of the species’ distribution and
abundance in western North America and the Hawaiian Is-
lands, based on over 2500 samples collected between 1930
and 2024 (McGann et al., 2024). In addition, we document
the recent molecular analyses of T. hadai specimens from the
western coast of the USA, France, Sweden, and Australia, as
well as earlier (1997, 1998) analyses from the species’ native
habitat in Japan. Finally, we discuss possible vectors, path-
ways, and spreading rates responsible for the dispersal of this
global NIS.

2 Materials and methods

2.1 Collection of benthic foraminifera

To update the occurrence of T. hadai in western North Amer-
ica and collect specimens for DNA analysis, 22 intertidal to
shallow subtidal marine sites were sampled from Vancouver
Island, British Columbia, Canada, to near the USA–Mexico
border in May 2022 (U.S. Geological Survey field activity
2022-625-FA; Fig. 4a, d; Table 1). A single surface (0–3 cm)
sediment sample, consisting of approximately 1800 cm3 of
sediment, was obtained at each site using a large spoon in
intertidal sites or a Petite Ponar Grab (Wildco) lowered off
public docks from ca. 3 to 5 m depth at subtidal sites. The
samples from each site were transported in containers placed
in coolers filled with blue ice and frozen water bottles to the
U.S. Geological Survey (USGS) Pacific Coastal and Marine
Science Center (PCMSC) in Menlo Park, California, USA.

Approximately half of the container of sediment (0–3 cm)
from each sample was separated out to isolate living speci-
mens for molecular analysis. To remove clays, the sediment
from these samples was washed with natural seawater using a
hand-held pump sprayer through stacked 8 in. (20.32 cm) di-
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Plate 1. Light microscope images of the 11 paratypes of Trochammina hadai originally described as “off River Shinano, Niigata-ken, Japan”
by Uchio (1962). (1) Image of the T. hadai paratypes slide housed in the Cushman Foraminiferal Collection (64882) at the National Museum
of Natural History, Washington, D.C., USA. (2–12) Spiral side (2a–12a), edge view (2b–12b), umbilical side (2c–12c). Scale bars: 100 µm.
Note the morphological variability of the specimens illustrated. Photographs courtesy of Sibelle Trevisan Disaró.

ameter 0.063 and 1.0 mm sieves. Sediment retained on both
sieves was viewed under a Zeiss Stemi SV11 microscope to
look for living specimens. Tests of Trochammina that ap-
peared light yellow to orange in color (considered possibly
alive) were transferred with a moistened picking brush to

a petri dish filled with natural seawater. A small amount of
washed sediment was added to the petri dish near the speci-
mens and allowed to sit from a few hours to overnight, after
which the specimens were viewed in the water with a mi-
croscope. Those with organic matter and/or sand grains at-
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Figure 2. Location of the benthic foraminiferal studies in Asia reporting the native occurrence of Trochammina hadai (green squares): in
the Bohai Sea and Huanghai Sea portions of the Yellow Sea, China (Zheng and Fu, 1990); at Jeju Island, South Korea (Choi and An, 2012);
and in Akkeshi Bay (Morishima and Chiji, 1951), Matsushima Bay (Matoba, 1970), Hamana Lake (Ikeya, 1977; Matsushita and Kitazato,
1990), and Yokohama Port (Toyoda and Kitazato, 1995, and references therein), Japan. (a) Japanese sites with foraminiferal assemblages
characterized by > 50 % T. hadai are indicated by a black star. Species occurrences in Goa (Rao, 1974), Cochin (Seibold, 1974), and Chilika
Lake (Rao et al., 2000), India, are not thought to be native distributions but NIS instead (yellow circles).

tached to the aperture were assumed to be living and were
removed with a picking brush, placed on a cardboard micro-
scope slide, and dried at ambient temperature before being
sent to the University of Geneva for molecular analysis.

The remaining half of the container of sediment from
each sample (0–3 cm), from which the clay had not yet
been washed, was wet-sieved with tap water through nested
8 in. (20.32 cm) diameter 0.063 and 1.0 mm sieves to re-
move silt and clay. Sediment remaining on the sieves was
transferred to filter paper and air-dried. Samples retained on
both sieves (very fine sand to coarse sand) that contained
few foraminifers were floated in sodium polytungstate at a
specific gravity of 2.3 g L−1 to concentrate the foraminifers
(Parent et al., 2018). Because we sought only to determine
the presence or absence of T. hadai, the samples were not
split with a microsplitter or picked statistically. Instead, the
dried sediment retained on the 0.063 and 1.0 mm screens was
viewed under a microscope to determine the presence of T.
hadai. The foraminiferal residues of this study are on file at
the U.S. Geological Survey, Pacific Coastal and Marine Sci-
ence Center, Santa Cruz, California, USA.

2.2 DNA extraction and PCR amplification and
sequencing

Nine of the most robust-looking living T. hadai specimens
submitted to the University of Geneva in 2022 from Padilla
Bay, Humboldt Bay, Santa Barbara, and Los Angeles (iso-
lates 21570-21572, 21575-21580) were photographed using
a Leica M205 C microscope fitted with a Leica DFC 450 C

camera at the University of Geneva prior to DNA extraction.
DNA was extracted individually using guanidine lysis buffer
(Pawlowski, 2000). Semi-nested PCR amplification was car-
ried out for the 18S barcoding fragment of foraminifera
(Pawlowski and Holzmann, 2014) using primers s14F3
(3’acgcamgtgtgaaacttg5’)–sB (3’tgatccttctgcaggttcacctac5’)
for the first and primers s14F1 (3’aagggcaccacaagaacgc5’)–
sB for the second amplification. For the first and the second
PCR, 35 and 25 cycles were performed, respectively, with
annealing temperatures of 50 and 52 °C, respectively (Holz-
mann, 2024). The amplified PCR products were purified us-
ing the High Pure PCR Cleanup Micro Kit (Roche Diagnos-
tics).

In total, 17 robust T . hadai specimens from the western
coast of the USA (Samish Bay, San Francisco Bay, Santa
Barbara, Los Angeles, and San Diego) and Japan (Hamana
Lake, Akkeshi Lake, and Matsushima Bay) (isolates MT79,
MT82, MT84, MT91-MT93, MT96-MT99, MT100-MT102,
MT395-MT396, and MT 414-MT415) were submitted to
the Japanese Agency for Marine Earth-Science and Technol-
ogy (JAMSTEC) in 1997 and 1998 and selected for anal-
ysis using a stereomicroscope. DNA was extracted indi-
vidually using DOC lysis buffer (Pawlowski, 2000). The
18S barcoding fragment was amplified using primer pair
s14F1–sB. Amplification of the internal transcribed spacer
(ITS) rDNA region was carried out for all T. hadai spec-
imens extracted at JAMSTEC using the primer pair sBr
(3’gtaggtgaacctgcagaaggatca5’)–2TAIC (3’ctcactcgagctgat-
gtg5’) (Pawlowski, 2000). ITS rDNA can be used to discrim-
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Figure 3. Map of San Francisco Bay, California. San Francisco Bay
consists of three embayments: North Bay (including San Rafael,
San Pablo, Suisun, Grizzly, and Honker bays), Central Bay (includ-
ing Richardson Bay), and South Bay. Cores 5, 6, 9, 10, 10A, 12,
and 15 of the DJ6-93SF cruise obtained in 1993 are shown. Core 6
is the site where Trochammina hadai was first observed in San Fran-
cisco Bay. Core SFB-20A was analyzed at high resolution to assess
its component stratigraphic signatures of the Anthropocene (i.e., a
proposed geological epoch that describes the current time period
where human activities have had a significant and lasting impact on
Earth’s geology and ecosystems) in the form of non-native species
(Himson et al., 2023). Cores BC01, BC02, and BC03 were obtained
in 2024 to determine when T. hadai spread into northern South Bay
and Central Bay.

inate local populations and investigate intra-species relation-
ships (Tsuchiya et al., 2003, 2014). For 18S rDNA and ITS
rDNA amplification, 40 cycles were performed, with an an-
nealing temperature of 55 °C (Tsuchiya et al., 2000, 2003,
2014). The amplified PCR products were purified using a
MonoFas DNA Purification Kit (GL Sciences Inc., Tokyo,
Japan) and then ligated into the pGEM-T Vector System
(Promega, Madison, WI, USA) and cloned into XL-2 blue
Ultracompetent Cells (Stratagene, La Jolla, CA, USA) or
the pDrive Cloning Vector and cloned into EZ Competent
Cells (Qiagen, Tokyo, Japan) according to the manufacturer’s
instructions. Plasmids were extracted using the QIAprep
Miniprep kit (Qiagen). Sequencing reactions were performed
for all obtained PCR products using the BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems) and
analyzed on a 3130XL Genetic Analyzer (Applied Biosys-

tems). The resulting sequences from both the University of
Geneva and JAMSTEC were deposited in the NCBI/Gen-
Bank database. Isolate and accession numbers are specified
in Table 2.

2.3 Phylogenetic analysis

Of the sequences obtained for the 18S barcoding frag-
ment of T. hadai, 15 were added to 27 sequences belong-
ing to textulariids and seven belonging to T . hadai that
are part of the publicly available 18S database of rotaliid
foraminifera (NCBI/Nucleotide; https://www.ncbi.nlm.nih.
gov/nucleotide/, last access: 20 May 2025). For the ITS
rDNA region, 30 sequences were obtained. The sequences
are based on cloned amplification products of 17 T. hadai
isolates. One to four clones were sequenced per isolate.

Two different alignments were created for 18S and ITS
sequences. All sequences were aligned using the default pa-
rameters of the Muscle automatic alignment option, as im-
plemented in SeaView vs. 4.3.3. (Gouy et al., 2010). The
18S alignment contains 49 sequences with 1096 sites used
for analysis. The ITS alignment contains 30 sequences, and
917 sites were used for analysis.

Phylogenetic trees were constructed using maximum like-
lihood phylogeny (PhyML 3.0) as implemented in ATGC:
PhyML (Guindon et al., 2010) available online (http://www.
atgc-montpellier.fr/phyml, last access: 14 May 2024). Au-
tomatic model selection by SMS (Lefort et al., 2017) based
on Akaike information criterion (AIC) selected a GTR+G+I
substitution model for the analysis of 18S barcoding se-
quences and a GTR+R model selected for the ITS analysis.
Initial trees are based on BioNJ. Bootstrap values (BVs) are
based on 100 replicates.

2.4 San Francisco Bay invasion chronology

We assembled the records of T. hadai presence or absence
and abundance in San Francisco Bay from foraminiferal sur-
veys conducted between 1930 and 2024 to create a time se-
ries in order to assess the timing of its arrival and spread
in this non-indigenous location. Because the samples from
1986, 1987, and 1998 were recovered from long-term stor-
age and analyzed years later, only dead counts were available
for these time periods. Furthermore, only two samples from
the 1995–1998 and 2014–2016 San Francisco Estuary Insti-
tute (SFEI) regional monitoring program (San Bruno Shoal
and Richardson Bay sites in August 1995) and all of the sites
from the 2010 bay-wide study were stained, although in the
latter the living specimens were not abundant, which most
likely reflected the January–February time of collection. To
make the studies consistent, we only used the total (dead and
living) counts in our time series.

To illustrate T. hadai’s impact on San Francisco Bay’s resi-
dent foraminiferal populations, we used Primer v. 7.0.23 sta-
tistical software (Primer-E, Ltd.; Clarke and Gorley, 2006)
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Figure 4. Sites from western North America in the USA and Canada and the Hawaiian Islands used to investigate the presence of Trocham-
mina hadai in surface or near-surface sediment samples (a). Locations collected in Prince William Sound, Alaska, in 1989–1998 (Quinterno
and Carkin, 1991; McGann, unpublished data) and Anchorage in 1998 (McGann, unpublished data); (b) Nanaimo, B.C., Canada, to San
Diego Bay, California, USA, in 1994–2000 (c) and 2022 (d); and the Hawaiian Islands (e) off Honolulu, Oahu, in 1998 (e1; USGS et al.,
1998 and McGann, unpublished) and Molokai and Lanai in 2007 and 2008 (e2; McGann, unpublished data). Solid circles denote the presence
of T. hadai in at least one sample per location; open circles denote the absence of the species in all samples at a location. Coordinates (latitude
and longitude) were not available for all samples in Prince William Sound, Alaska. Data compiled in McGann et al. (2024).
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Table 2. Isolate, accession numbers, and sampling locations of analyzed species. Species in bold font have been investigated for the present
study. Amplification products of isolates marked with an asterisk have been cloned prior to sequencing. Accession numbers in italics refer to
ITS sequences. NA denotes not available.

Species Isolate Accession number Sampling locality

Arenoparrella mexicana 229 AJ307741 USA, Sapelo Island
Balticammina pseudomacrescens 32 MZ479306 Russia, White Sea, Chupa Inlet
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
Eggerelloides scaber 12302 FR839728 Denmark, Aarhus
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 scorpiurus E17 AJ514850 Norway, Svalbard
Reophax spiculifer 3895 MF770993 Antarctica
Siphonoferoides sp. 655 AJ504690 Japan
Spiroplectammina sp. cs1 MZ475343 Chile, Patagonia
Spiroplectammina sp. 2646 AJ504689 Norway, Svalbard
Srinivasania sundarbanensis EC4 MN364400 India, Sundarbans
Srinivasania sundarbanensis EC5 MN364401 India, Sundarbans
Textularia agglutinans 17015 LN879399 Israel, Eilat
Textularia agglutinans 17016 LN879402 Israel, Eilat
Textularia gramen 13633 LN848740 Denmark, Faroe Islands
Textularia gramen 13634 MF771001 Denmark, Faroe Islands
Trochammina hadai 95 AJ317979 Japan, Shizuoka, Hamana Lake
Trochammina hadai Troch1B3 MZ475344 USA, San Francisco
Trochammina hadai Troch1B4 MZ475345 USA, San Francisco
Trochammina hadai Troch1B9 MZ475346 USA, San Francisco
Trochammina hadai 21189 MZ707232 West Australia, Leschenault Inlet
Trochammina hadai 21191 MZ707233 West Australia, Leschenault Inlet
Trochammina hadai 21522 OP288014 France, Le Havre Harbor
Trochammina hadai 21523 OP288015 France, Le Havre Harbor
Trochammina hadai 21570 OP288019 USA, Washington, Padilla Bay
Trochammina hadai 21571 OP288020 USA, Washington, Padilla Bay
Trochammina hadai 21572 OP288021 USA, Washington, Padilla Bay
Trochammina hadai 21575 OP288022 USA, California, Humboldt Bay
Trochammina hadai 21576 OP288023 USA, California, Santa Barbara
Trochammina hadai 21577 OP288024 USA, California, Santa Barbara
Trochammina hadai 21578 OP288025 USA, California, Santa Barbara
Trochammina hadai 21579 OP288026 USA, California, Los Angeles
Trochammina hadai 21580 OP288027 USA, California, Los Angeles
Trochammina hadai MT 79∗ PP510699-PP510702 USA, San Francisco Bay
Trochammina hadai MT 81∗ PP510703-PP510705 Japan, Miyagi, Matsushima Bay
Trochammina hadai MT 82∗ PP510743, PP510706 Japan, Miyagi, Matsushima Bay
Trochammina hadai MT 84∗ PP510747 Japan, Miyagi, Matsushima Bay
Trochammina hadai MT 91∗ PP510707-PP510708 USA, California, Santa Barbara
Trochammina hadai MT 92∗ PP510709-PP510710 USA, California, Santa Barbara
Trochammina hadai MT 93∗ PP510711-PP510712 USA, California, Los Angeles
Trochammina hadai MT 95∗ PP510713 USA, California, Los Angeles
Trochammina hadai MT 96∗ PP510755, PP510714-PP510715 USA, California, Los Angeles
Trochammina hadai MT 97∗ PP510758 USA, Washington, Willipa Bay
Trochammina hadai MT 98∗ PP510716-PP510717 Japan, Shizuoka, Hamana Lake
Trochammina hadai MT 99∗ PP510761, PP510718 Japan, Shizuoka, Hamana Lake
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Table 2. Continued.

Species Isolate Accession number Sampling locality

Trochammina hadai MT 100∗ PP510719 Japan, Shizuoka, Hamana Lake
Trochammina hadai MT 101∗ PP510720 Japan, Shizuoka, Hamana Lake
Trochammina hadai MT 102∗ PP510764, PP510721-PP510722 Japan, Shizuoka, Hamana Lake
Trochammina hadai MT 395∗ PP510723-PP510724 USA, Washington, Samish Bay
Trochammina hadai MT 396∗ PP510725 USA, Washington, Samish Bay
Trochammina hadai MT 414∗ PP510726-PP510727 Japan, Hokkaido, Akkeshi Lake
Trochammina hadai MT 415∗ PP510728 Japan, Hokkaido, Akkeshi Lake
Trochammina hadai 22013 OR428345 Sweden, Gothenburg
Trochammina hadai 22014 OR428346 Sweden, Gothenburg
Trochammina inflata 16337 MZ707242 Germany, Bottsand Lagoon
Trochammina inflata 16343 MZ707245 Germany, Bottsand Lagoon
Trochammina pacifica Troch1B1 MF771002 USA, San Francisco
Trochammina pacifica Troch1B2 MF771003 USA, San Francisco
Trochammina sp. 1 MZ479320 Russia, White Sea, Chupa Inlet
Trochammina sp. 3 MZ479321 Russia, White Sea, Chupa Inlet

to conduct a rarefaction analysis (hypergeometric distribu-
tion for rarefaction; Hurlbert, 1971; Hayek and Buzas, 1997),
excluding from the analysis subtidal marine taxa commonly
found outside the bay because their occurrence likely reflects
sediment transport into the bay (McGann et al., 2013) rather
than the distribution of resident foraminifera. We used the
results of the rarefaction analysis to determine a minimum
sample size (i.e., > 200 specimens) to use with Surfer V6
software to produce contours illustrating T. hadai’s relative
abundance in the resident fauna.

To further refine the invasion chronology illustrated by the
time series, three 6 in. (15.24 cm) diameter, 123.5–151.5 cm
long bobcores (BC01, BC02, and BC03; U.S. Geological
Survey field activity 2024-662-FA; McGann et al., 2024)
were collected on 8 November 2024. Core BC01 was ob-
tained south of Alameda in South Bay and Cores BC02 and
BC03 in very close proximity to one another off Point Isabel
in Central Bay (Fig. 3). The core sites were chosen because
they were situated in depositional areas in San Francisco
Bay (Fregoso et al., 2008), in regions of fine-grained sed-
iment which are conducive to radiochemical analyses (Nit-
trouer et al., 1984; Wheatcroft and Sommerfield, 2005), lo-
cated near the major shipping facility of the bay (i.e., Port of
Oakland), and where they might further elucidate the timing
of the spread of T. hadai into northern South Bay and Central
Bay.

Upon their return to the USGS PCMSC Core Prepara-
tion and Analysis Laboratory in Santa Cruz, California,
the cores were photographed, X-ray/computed tomography
(CT)-scanned, and sampled for biology and radiochemistry.
Age models for cores BC01 and BC02 were created based on
radiochemical (Pb-210 and Cs-137) data, whereas no radio-
chemical analyses of core BC03 were conducted as this core
was considered a close replicate of core BC02.

Lead-210 has a half-life of 22.3 years, thereby generally
providing a steady-state chronology (Johannessen and Mac-
donald, 2012) for the past 100 to 120 years (Fuller et al.,
1999; Alexander and Venherm, 2003; Alexander and Lee,
2009; Baskaran, 2011). Cesium-137 is a transient tracer (Jo-
hannessen and Macdonald, 2012) resulting from atmospheric
nuclear testing and has a half-life of 30.0 years (Alexander
and Venherm, 2003; Alexander and Lee, 2009). Chronologic
markers using this isotope include (1) the onset of the Cs-137
record in 1954 due to initial bomb fallout, (2) the first fallout
peak in 1959, and (3) another peak in 1963 after which input
declined when atmospheric testing was banned (Johannessen
and Macdonald, 2012; Drexler et al., 2018).

For Pb-210 and Cs-137 dating, 21 fine-grained (silt) sed-
iment samples from core BC-02 were prepared following
standard techniques described in Swarzenski et al. (2006)
and Swarzenski (2014). Samples weighing 6–10 g were taken
every 1 cm continuously down through 15.0 cm, every 2 cm
from 16.0–21.0 cm, and then approximately every 5 cm to a
depth of 37.0 cm (McGann and Lorenson, 2025). Similarly,
16 samples weighing 4–11 g were collected from core BC-
01, but due to time constraints, the samples were taken ev-
ery 2 cm down to 10.0 cm and then every 5 cm to a depth
of 51.0 cm. Sediment samples for Pb-210 dating from both
cores were weighed before and after drying at 105 °C for at
least 24 h, disaggregated in a mortar and pestle, transferred
to a plastic test tube, and then placed in a gamma radiation
detector and counted. Total Pb-210 activities were directly
determined by measuring the 46.52 KeV gamma peak using
ORTEC High Purity Germanium (HPGe) radiation detectors.
Supported levels of Pb-210 from Ra-226 were determined
by measuring the gamma activity of Pb-214 (at 295 and
352 KeV) and of Bi-214 (609 KeV), the short-lived daugh-
ter products of Ra-226 (351.87 and 609.31 KeV). Cesium-
137 activities in this study were determined by measurement
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of the 661.6 KeV gamma peak. Precision in these measure-
ments was < 5 %.

3 Results

3.1 Trochammina hadai distribution

Trochammina hadai was seen in samples from 10 of the 22
sites sampled in 2022 (Fig. 4d; Table 1). The species was
recorded at two sites where it had not previously been re-
ported: Davis Lagoon in southern Vancouver Island, British
Columbia, Canada, about 30 km south of Nanaimo, where it
had been reported in 1997 (Plate 4, Fig. 1), and Coos Bay,
Oregon (Plate 4, Fig. 5) where it had not been seen in sam-
pling in 1996, 1997, 1999, and 2000 (McGann et al., 2024).
Trochammina hadai was not found in 2022 at three sites
where it had previously been reported: Willapa Bay, Wash-
ington, and Marina del Rey and San Diego Bay in southern
California.

3.2 Phylogeny

The 18S phylogenetic tree (Fig. 5) contains 49 sequences
of agglutinated foraminifera of diverse ancestry based on
their stratigraphic record and is unrooted. The obtained se-
quences cluster with T. hadai, supported by a high bootstrap
value (BV) of 94 %. Trochammina pacifica Cushman (95 %
BV), and Cyrea spp. (100 % BV) cluster at the base of T.
hadai, but the group lacks a bootstrap support. Two other
clades are present in the tree, supported by strong to moder-
ate BV. One clade consists of Textularia gramen d’Orbigny,
Bigenerina sp., Siphoniferoides sp., and Textularia aggluti-
nans d’Orbigny (BV 96 %). The second clade contains Balti-
cammina pseudomacrescens Brönnimann, Lutz and Whit-
taker, Entzia spp. and Arenoparrella mexicana Kornfeld, and
is moderately supported (BV 77 %). A third clade without
BV support contains Spiroplectammina sp. and Liebusella
goesi Höglund, Srinivasania sundarbanensis Kaushik and
Ghosh, Eggerelloides scaber (Williamson), and Trocham-
mina inflata (Montagu) branch at the base of the latter three
clades. Trochammina sp. branches at the base of all other tex-
tulariids. Species represented by more than one sequence are
well supported by BV (86 %–100 %).

The ITS phylogenetic tree (Fig. 6) contains 30 sequences
obtained from 17 T. hadai isolates and is unrooted. The tree
is divided into two groups that lack BV support. One group
contains 21 sequences obtained from 13 isolates; the other
group includes 9 sequences obtained from 6 isolates. Two
isolates (MT93, MT102) are represented in both groups. Se-
quenced clones MT93.1 and MT102.30 branch in the first
group, while clones MT93.2 and MT102.31 are contained in
the second group.

3.3 Chronology of cores

In core BC01 off Alameda, the Pb-210 record extended down
to ∼ 51 cm; the depth at which unsupported (excess) Pb was
absent was not reached (Fig. 7d). The concentration of Pb-
210 was low, and the record proved to be somewhat noisy.
Because of these factors, the Pb-210 accumulation rate was
not used for the core chronology. The Cs-137 record was
more binary, with Cs down to 25.5 cm and none recovered
below that depth (Fig. 7e). The 1963 peak of Cs-137 occurred
at 25.5 cm. A general sedimentation rate of ∼ 4.18 mm yr−1

for core BC01 was calculated based on sediment thickness
between the Cs-137-derived 1963 time marker and the core
top of 2024. Trochammina hadai was recovered in every
0.5 cm sample between the core top and 20 cm downcore,
as well as from 25–26 and 30–31 cm (Fig. 7f).

As with the Alameda core BC01 record, the overall con-
centrations of Pb-210 and Cs-137 were fairly low in Point
Isabel core BC02, making the measurements less accurate.
Once again, the trends were somewhat noisy, but at least a
reasonable assessment of the sedimentation rate can be de-
termined. The Pb-210 record extended down to∼ 37 cm, and
the depth at which unsupported (excess) Pb was absent was
not reached (Fig. 8d). The Pb-210 trend line with an R2 of
0.63 results in a sedimentation rate of ∼ 1.78 mm yr−1. Cs-
137 occurred down to 20.5 cm and then was absent below
that depth (Fig. 8e). The earliest record of Cs-137 at 20.5 cm
represents 1954. The maximum Cs-137 peak of 1963 is
not clearly illustrated as there are four peaks between the
depths of 14.5 and 5.5 cm. Using the core top to represent
2024, and either the 14.5 or 5.5 cm peaks to represent 1963,
yields upper and lower limits for the sedimentation rates of
2.37 and 0.90 mm yr−1, respectively, with a mean value of
1.64 mm yr−1. The photograph of the upper 50 cm of the
core shows no obvious stratification that can be tied to these
results. However, if the point of no bioturbation is reached
around 30 cm, then there is a possible tie to the Cs-137 profile
where Cs is well mixed by bioturbation in the 0–30 cm inter-
val. There also is mixing of the Pb-210 signal but not as much
as that seen for Cs-137. Trochammina hadai was recovered
in every 0.5 cm sample from the core top to 21 cm down-
core and then again from 26.0–26.5, 31–31.5, 36.0–36.5, and
46.5–47.0 cm (Fig. 8f).

4 Discussion

4.1 Vectors of benthic foraminiferal invasions

Benthic foraminifera use their pseudopodia for locomo-
tion, moving at a pace of only a few millimeters to up to
2.8 cm h−1 and migrating over only a few centimeters in
a lifetime (Langer et al., 1989; Gross, 2000; Thibault de
Chanvalon et al., 2015; Jauffrais et al., 2016). Clearly, this
method provides a very limited dispersal mechanism and
does not explain the long-distance translocations seen in
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Figure 5. PhyML phylogenetic tree based on the 3′ end fragment of the SSU rRNA gene, showing the evolutionary relationships of 49
foraminiferal sequences belonging to textulariids. Specimens marked in bold indicate those for which sequences were acquired for the
present study. The tree is unrooted. Specimens are identified by their accession numbers. Numbers at nodes indicate bootstrap values (BVs).
Only BV > 70 % are shown.
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Figure 6. PhyML phylogenetic tree based on the Internal Transcribed Spacer (ITS) region, showing the evolutionary relationships of 30
sequences belonging to Trochammina hadai. The tree is unrooted. Specimens are identified by their isolate numbers (marked in bold).
Sampling locations are added to each isolate. Amplification products obtained for each isolate have been cloned prior to sequencing. Clone
numbers are marked in italics. Numbers at nodes indicate bootstrap values (BVs). Only BV > 70 % are shown.

some foraminiferal species such as T. hadai. Some species,
however, form dormant resting stages and propagules (Alve
and Goldstein 2002, 2003, 2010), the latter with a viable life-
time of months to 2 years (Alve and Goldstein, 2003, 2010).
These have the potential to be transported long distances by

currents, thereby lowering the threshold for colonization and
expanding the species’ geographic distribution.

Many other pathways for the introduction of NIS in ma-
rine settings have been demonstrated or postulated, most
of which are anthropogenically mediated. Most commonly
cited is the release of ballast water by commercial ship-
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Figure 7. Illustrations, radiochemistry, and presence/absence of T. hadai in the upper 50 cm of core BC01 collected off Alameda in 2024.
(a) Core photograph. (b) X-ray/computed tomography (CT) image at 0°. (c) X-Ray/CT image at 90°. (d) Radiochemical profile of excess
Pb-210. (e) Radiochemical profile of Cs-137. The 1950 calculated datum, the 1963 Cs-137 peak, and the core top of 2024 are labeled.
(f) Presence/absence of T. hadai in 0.5 cm samples from 0–20.0 cm and then two adjacent 0.5 cm samples every 5 cm to a depth of 51 cm
downcore. Yellow shading represents the presence of T. hadai, no shading represents its absence, and gray shading represents no sample
taken. (g) Plot of sedimentation rates for bulk sediment calculated from the least-squares regression of the downcore excess Pb-210 activity
data using the mass flux rate.

ping vessels (Carlton, 1985; Williams et al., 1988; Carlton
and Geller 1993; Smith et al., 1996; Chu et al 1997; Gol-
lasch et al., 2000, 2002; Ruiz et al., 1997, 2000; Murphy
et al., 2002; Dobbs et al., 2023; Radziejewska et al., 2006;
Verna et al., 2016, 2021), especially in harbors and shallow
bays. Ruiz et al. (2000) estimated that shipping and fish-
ery practices together accounted for 89 % of the initial in-

vasions in North America and 74 % of the repeated inva-
sions. This is due to the immense volume of global mar-
itime traffic and the large capacity of ballast water storage
per vessel, which provides trim and stability during transit.
David et al. (2015) estimated that 3.1×109 t (metric tons) of
ballast water is transported around the world annually, and
contained in this water is, among others, plant debris (di-
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Figure 8. Illustrations, radiochemistry, and presence/absence of T. hadai in the upper 50 cm of core BC02 collected off Point Isabel in 2024.
(a) Core photograph. (b) X-ray/computed tomography (CT) image #1 at 0°. (c) X-Ray/CT image #2 at 0°. (d) Radiochemical profile of
excess Pb-210. (e) Radiochemical profile of Cs-137. The∼ 1740–1790 calculated datum, the 1954 Cs-137 first appearance, the 1963 Cs-137
peak range (5.5–14.5 cm), and the core top of 2024 are labeled. (f) Presence/absence of T. hadai in 0.5 cm samples from 0–21.0 cm and
then two adjacent 0.5 cm samples every 5 cm to a depth of 47 cm downcore. Yellow shading represents the presence of T. hadai, no shading
represents its absence, and gray shading represents no sample taken. (g) Plot of sedimentation rates for bulk sediment calculated from the
least-squares regression of the downcore excess Pb-210 activity data using the mass flux rate.

atoms, seeds, charophytes, spores, and pollen); multicellu-
lar aquatic organisms (amphipods, ostracods, mollusks, echi-
noids); protists (radiolarians, foraminifera, thecamoebians);
and human-made objects such as microplastics, rope, metal
chips, glass shards, welding slag, and micro-spherules (Carl-
ton and Geller, 1993; Smith et al., 1996; Chu et al., 1997;
Gollasch et al., 2000, 2002; McGann et al., 2019a). Although

many countries require ballast water exchange (BWE) com-
monly ≥ 200 nmi from land and in water ≥ 2000 m deep
(e.g., Canada, Minister of Justice, 2022) to lessen the threat
of introducing NIS, large quantities of ballast water are still
discharged into receiving ports: 116× 106 t was discharged
into Canadian ports during a 12-month period (data com-
bined estimates from 2006, 2007, and 2008; Casas-Monroy
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et al., 2015), 125×106 t into US ports during a 3-year period
(1 January 2005 to 31 December 2007; Miller et al., 2011),
and 55× 106 t into San Francisco Bay alone during a 9-year
period (2006 to 2014; Verna et al., 2021).

Offshore BWE does not always eliminate the potential
threat of introducing NIS either. During the uptake of ballast
water in shallow ports, sediment may be re-suspended by the
pumps and taken up with the water, entraining foraminifera,
if present, in the process. This would be especially likely for
foraminifera such as T. hadai, that live in the uppermost cen-
timeters of the sediment column (Matsushita and Kitazato,
1990; Tremblin et al., 2021; Fig. 9). That which remains in
suspension may be released with the water in receiving ports
and may contain foraminiferal propagules (Alve and Gold-
stein, 2002, 2003, 2010) and/or tests (Carlton and Geller,
1993; Chu et al., 1997; Galil and Hülsmann, 1997; Gollasch
et al., 1998; Macdonald, 1998; Lavoie et al., 1999; Smith et
al., 1999; McGann et al., 2003, 2019a). Similarly, the sedi-
ment that settles in the tanks provides a suitable habitat for
organisms to live and reproduce with the potential to be re-
leased later (Waters et al., 2001; Bailey et al., 2005; Duggan
et al., 2005, 2006), making all previous ports of call by a
ship a potential source of invasive organisms (Seebens et al.,
2013; McGann et al., 2019a). Although many of these ships
are referred to as No-Ballast-On-Board (NOBOB) when they
arrive at a port, the configuration of the pumps is such that
they cannot remove all the sediment, and the ballast tanks
are only routinely cleaned approximately every 2 years, al-
though more often when there is substantial build-up of sedi-
ment (U.S. EPA et al., 2017). The residual sediment may con-
tain fish, crabs, and other invertebrates, as well as abundant
and diverse foraminifera, many of which have a substantial
living component (McGann et al., 2003, 2019a). For exam-
ple, ballast sediment from 9 of 11 vessels arriving in Prince
William Sound from domestic (San Francisco Bay and Puget
Sound) and foreign (Japan, South Korea, and one unspeci-
fied) ports contained T. hadai (McGann et al., 2019a); 2 of
16 vessels arriving in the Great Lakes of the USA also con-
tained the species, one that had traveled from Ghent, Bel-
gium, and Teurneuzen, the Netherlands, and the other from
Ijmuiden, the Netherlands (Thomas Johengen, University of
Michigan and National Oceanic and Atmospheric Adminis-
tration, personal communication, 2001 and 2002). Further-
more, McGann et al. (2019a) estimated that this vector could
have been responsible for the introduction of as many as
440 billion to ∼ 9 trillion living foraminifera per year into
Prince William Sound.

Other vectors are far less significant overall in the intro-
duction of NIS but may be the major contributor in localized
regions. Commercial mariculture, such as oyster and mus-
sel culturing, unintentionally transports living organisms at-
tached to their shells, among the plant matter used as packing
material, or loose in the associated residual sediment, to the
receiving farming site where they may flourish and spread
(Carlton, 1979). For example, Atlantic oysters (Crassostrea

virginica (Gmelin)) were first transplanted into San Fran-
cisco Bay from New York and Baltimore in 1869 or 1870
(Kornicker, 1975) after the completion of the transcontinen-
tal railroad in 1869 (Sculati, 2004; Williams, 2005). By 1875,
large quantities of seed oysters were imported, and the prac-
tice was continued until 1910 (Kornicker, 1975). In the late
1890s, over 250 train loads (about 9000 barrels) of oysters
arrived each year to be transplanted into San Francisco Bay
(Kornicker, 1975: Sculati, 2004). Many macroinvertebrates
(Cohen and Carlton, 1995) and an ostracod (Eusarsiella zos-
tericola (Cushman); Kornicker, 1975) were introduced us-
ing this method, possibly also the foraminifera Haynesina
germanica (Ehrenberg), which occurred consistently in core
DJ6-93SF-6 (Fig. 3) from an estimated time of about 1868 to
the core top in 1993 (McGann, 2008). This species is a na-
tive along European coastlines and in the Mediterranean Sea
(Murray, 1991; Calvo-Marcilese and Langer, 2010). Simi-
larly, as mentioned earlier, the presence of Ammobaculites
exiguus, Ammobaculites dilatatus, and Miliammina cf. M.
fusca in Tomales Bay may have been due to seed oysters in-
troduced there possibly in 1936 from Japan.

Seaweed or other marine plant matter packing used to
transport live bait worms from the east coast of the USA to
the west coast overnight by aircraft also has been shown to
include viable benthic foraminifera (McGann, unpublished
data). The specimens are dumped along with the unused
plant matter into western ports and harbors by fishers within
hours of their eastern departure (Lau, 1995; Cohen et al.,
2001), thereby providing a nearly instantaneous mechanism
by which cross-continental introductions may occur.

Fouling on hulls of ships and boats, floating debris (sea-
weed, mats of shallow-water vegetation, coconuts, logs,
volcanic pumice), and human-made objects such as plas-
tic debris and tsunami-generated debris rafting (e.g., large
docks, small buoys and boats, totes, and fishing gear), in-
cluding those that were carried by currents from Japan to
the west coast of North America and the Hawaiian Islands
as a result of the Tohoku earthquake and tsunami of 2011
(as well as previous occurrences in 1611, 1896, 1933, and
1960 from the Valdivia earthquake), are other vectors by
which small numbers of foraminifera may be transported
to distant locations (Richards, 1958; Jokiel, 1984; Carl-
ton and Hodder, 1995; Winston et al., 1997; Gollasch et
al., 1998, Rowlands, 2007; Gollasch, 2010; Jorissen, 2014;
Carlton et al., 2017; Finger, 2018; Subías-Baratau et al.,
2022). Most fouling foraminifera are common epifaunal taxa
(e.g., Tretomphalus bulloides (d’Orbigny), Rosalina globu-
laris (d’Orbigny), Planogypsina acervalis (Brady), and Cym-
baloporetta bradyi (Cushman), among others; Rowlands,
2007; Jorissen, 2014; Finger, 2018; Subías-Baratau et al.,
2022), with species displaying preferences for the substrate
to which they will attach including macroalgal coverings,
calcareous surfaces, and even boring into cement (Rowlands,
2007).
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Figure 9. Live Trochammina hadai partly exposed at the top of a flocculent mud layer from Leschenault Inlet, Australia. Note that the
aperture and umbilical side faces downward in the sediment, optimally positioning the pseudopodia in the vicinity of the sediment to enhance
feeding (Denton et al., 2025). Photographs courtesy of Clément Tremblin and David Haig.

One of the best ways to prevent NIS introductions is to
manage their vectors, and a good example of this is in the
difference between hull fouling management measures used
on large commercial vessels versus small pleasure boats
(Mineur et al., 2008; Murray et al., 2014; Murray et al.,
2011; International Maritime Organization, 2024). Although
large transoceanic vessels are required to apply mandatory
antifouling compounds such as TBT (i.e., tributylin; Inter-
national Maritime Organization, 2004), small recreational
and fishing boat traffic is largely exempt from these regula-
tions (Murray et al., 2011). This fact, combined with the lat-
ter’s ability to travel long distances at a relatively low speed,
makes recreational and fishing boats perfect vectors for foul-
ing NIS (Minchin et al., 2006). As their travel routes are
harder to identify compared to transoceanic vessels, it also
creates highly unpredictable chances of secondarily spread-
ing from the first introduction hotspot (e.g., an international
trade harbor) to other close locations such as leisure boat har-
bors. Additionally, if a NIS invasion is successful, their intro-
duction site could serve as a nearby reservoir of NIS, facil-
itating more regional spreading (Bertelsmeier et al., 2018).
This is especially true if propagules are released that are
capable of remaining viable in unsuitable settings that are
not normally occupied by the adults (Weinmann and Gold-
stein, 2017). Trochammina hadai has not been identified as
an epibiont species; therefore hull fouling or attachment to
other floating objects may not be an applicable vector for the
species.

Sediment clinging to anchors and anchor chains may trans-
port foraminifera to distant ports when they are dropped, re-
trieved, or cleaned there (Carlton et al., 1995; McGann, un-
published data). Although not nearly as large a scale as the
release of ballast sediment, this vector may be one means by
which secondary introductions of NIS occur in small leisure
boat harbors that are not directly subject to transoceanic ves-
sel traffic (see Eichler et al., 2018; Polovodova Asteman et
al., 2025).

Of far less importance may be the occurrences of
foraminifera being transported to new locales as research es-
capes (Ruiz et al., 2000); as ornamental escapes (Cohen and
Carlton, 1995; Ruiz et al., 2000); and on birds’ feet, bills, and
feathers, especially when encapsulated in the mud coating
on these (Headlee, 1961; Resig, 1974; Patterson, 1987; Hay-
ward et al., 1999; Riedel et al., 2011; Tremblin and Walker,
2025). Foraminifera have also been reported within the guts
of shorefish (Todd, 1961), rabbitfish from the Red Sea that
were NIS in the Mediterranean Sea (ichthyochory; Guy-
Haim et al., 2017), holothurians (Goldbeck et al., 2005), gas-
tropods (Hickman and Lipps, 1983), and birds (Jere Lipps,
University of California, Berkeley, personal communication,
2019); all of these examples are thought to reflect pas-
sive ingestion of living foraminifera while eating other food
sources with the eventual defecation of viable specimens, ex-
cept for the neogastropod Olivella, which selectively ingests
foraminifera (Hickman and Lipps, 1983).

In addition to all the vectors listed above, anthropogenic
construction projects and climate change have opened path-
ways for NIS introductions. These have reduced physical
barriers (e.g., the Suez and Panama Canals; Katsanevakis
et al., 2020) and thermal barriers such as the new shipping
passages that have emerged in the Arctic due to melting ice
caps (e.g., the route between Svalbard and Japan along the
northern coast of Russia; Ware et al., 2016; The Interna-
tional Union for Conservation of Nature, 2017; Thyrring et
al., 2017; Nong et al., 2019), thereby greatly reducing transit
times and breaching of previously limited habitats, allowing
for range expanses of NIS (de Rivera et al., 2006; Thomas et
al., 2008) and the outpacing of native species.

4.2 Proliferation

To illustrate the temporal and geographic spread of T. hadai
in a non-native location of the US Pacific coast, a time series
was constructed using 1110 archived sediment samples, as
well as literature documenting abundances and distributions
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of benthic foraminifera in surface sediments in San Fran-
cisco Bay from 1930 to 2024 (McGann, 2024; McGann et al.,
2024). From 1930 to 1981, 430 samples from 11 studies doc-
umented the absence of the exotic species throughout the bay
(Fig. 10a–d; McDonald and Diediker, 1930; Conomos, 1963;
Means, 1965; Slater, 1965; Gram, 1966; Quinterno, 1968;
Locke, 1971; Connor, 1975; Wagner, 1978; James Ingle Jr.,
Stanford University, personal communication, 1995; Doris
Sloan, University of California, Berkeley, personal commu-
nication, 1997). In April 1983, T. hadai first appeared, albeit
rarely (12 specimens, comprising 1.5 % of the assemblage) at
one of four sites sampled in South Bay (Fig. 10e; McGann,
2014). The timing of this first appearance is corroborated by
the first appearance of the non-indigenous ostracods Spinile-
beris quadriaculeata (Brady) and Bicornucythere bisanen-
sis (Okubo) in core SFB-20A obtained in South Bay in
2019 (Fig. 3; USGS field activity 2019-616-FA), as both are
thought to have been introduced into the bay in 1975–1976
and appear stratigraphically below the first appearance of T.
hadai (Himson et al.). Just 3 years later (1986) the species
had increased dramatically within South Bay both in geo-
graphic extent and abundance (Fig. 11a; mean 42.7 %, max-
imum 88.7 %; McGann, 2018) and remained a significant
species in the area in 1987 (Fig. 11b; mean 40.6 %, maxi-
mum 83.0 %).

After T. hadai was first recognized as a NIS in the bay in
the 1993 South Bay core DJ6-93SF-6 (Fig. 3), we checked
other South Bay cores from cruise DJ6-93SF (i.e., cores 5, 6,
10, 10A, 12, and 15; Figs. 3, 11c; McGann et al., 2024) and
found T. hadai in all the core tops and as deep as 30 cm down-
core (core 10). The abundances ranged from 8 % to 56 %, the
latter occurring in core 10 as well. We then partnered with
SFEI, joining their bay-wide monitoring program. Bi-annual
samples, 232 in all, were obtained throughout the bay for the
next 4 years (1995–1998; McGann et al., 2024). With the
wider geographic coverage, the proliferation of T. hadai into
the central and northern portions of San Francisco Bay (here-
after referred to by the local names “Central Bay” and “North
Bay,” respectively) was evident (Fig. 11d–i). The highest
abundances occurred in eastern Central Bay and the northern
portion of South Bay where the species comprised > 70 %
of the fauna at several locations, with nearly monospecific
assemblages at a few sites (86.7 %–97.4 %). Only the ex-
treme southern end of South Bay, as well as North Bay from
Honker Bay to the eastern portion of San Pablo Bay, was ex-
empt from the invasion. We attribute the absence of T. hadai
in these locations to the influx of freshwater entering from
local streams in South Bay and the major Sacramento and
San Joaquin Rivers (Fig. 3) in North Bay. The latter two
drain a large portion of central California, often pushing the
boundary between freshwater and seawater (the 2 psu line)
from Honker, Grizzly, and Suisun bays during the summer
into San Pablo Bay during the winter (McGann et al., 2013;
Fig. 11d, e, g, i), making the environment unhabitable for
most foraminifera, including T. hadai.

The last comprehensive surveys of foraminiferal distribu-
tions and abundances in San Francisco Bay occurred in Jan-
uary and March 2010 (Fig. 11j; McGann, 2024; McGann
et al., 2013, 2024). In total, 166 sites were sampled, and
T. hadai continued to be a significant foraminiferal con-
stituent based on those samples. Although abundances of the
species appeared somewhat decreased as compared to the re-
sults from the bi-annual SFEI sampling in 1995–1998 (Mc-
Gann, 2024), it should be noted that no samples were taken
in eastern Central Bay where the previous surveys found
abundances > 70 %. Therefore, the decrease may be mislead-
ing compared to those earlier years. In 2010, T. hadai still
comprised 72 % and 81 % of the assemblages at two sites
in South Bay. In the summers of 2014–2016, three samples
were collected in northern South Bay (off Alameda and in
San Leandro Bay) and Central Bay (off Point Isabel) with
reported abundances of 21 %–50 % (Fig. 11k), whereas the
abundances of T. hadai in two core top samples collected in
November 2024 from Alameda and Point Isabel (cores BC01
and BC02) decreased to 9.6 %–14.2 % (Fig. 11l; McGann,
2024).

The 1930 to 2024 time series shows that the abundance of
T. hadai changed dramatically in South Bay within 6 years
(1980–1986), from a single location to nearly bay-wide in
extent and from being very rare (1.5 %; Fig. 10e) to over
70 % of the fauna in some locations (Fig. 11a). A similar
pattern of rapid expansion is commonly observed after a
successful invasion by foraminifera (McGann et al., 2012;
Eichler et al., 2018; Bouchet et al., 2023) and macroinver-
tebrates (Nalepa and Schloesser, 1993; Carlton et al., 1990;
Nichols et al., 1990; Vinogradov et al., 1989; Buttermore et
al., 1994), although other studies have shown lag periods
between inoculation and spread of 30 years or more (e.g.,
in the Mediterranean Sea; Guastella et al., 2021). Trocham-
mina hadai was equally widespread and abundant in 1987
and 1993 (Fig. 11b–c). A period of 8 years later and con-
tinuing for the following 4 years (1995–1998), it is evident
that T. hadai had successfully invaded Central and North
bays, again with dominant abundances (commonly > 30 %
throughout) and > 70 % of the fauna in eastern Central Bay
(Fig. 11d–i). It should be noted, however, that the spread into
Central and North bays could have occurred far earlier than
1995, but a lack of samples in these locations from 1983–
1994 makes this difficult to determine. Finally, the 2010 sam-
pling effort throughout San Francisco Bay demonstrates that
T. hadai was still geographically widespread (Fig. 11j) yet
generally occurred in lower abundances than those observed
13 years earlier (1997). This pattern may be due to sev-
eral factors: (1) the omission of samples from eastern Cen-
tral Bay, (2) a seasonal effect due to the samples being col-
lected only in the first quarter of the year, (3) highly brack-
ish conditions caused by the unusually large amount of rain-
fall that year (ranked 28th highest out of the last 174 years;
Golden Gate Weather Services, 2024), and (4) competition
from other species of benthic foraminifera. Additional sam-
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Figure 10. Presence and absence of Trochammina hadai in San Francisco Bay from 1930 to 1983. Data based on dead specimens only.
(a) 1930, (b) 1961–1970, (c) 1972–1974, (d) 1980–1981, and (e) 1983. Sample collector and the year of collection (not publication) listed
for each area (see McGann et al., 2024). The solid black circle (in 1983) denotes the site of the first recovery of T. hadai in San Francisco
Bay, and open circles denote the absence of the species. Note that 11 of Wagner’s samples (c) are located to the west outside the bay, off the
map.
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Figure 11. Time series of the distribution of total (living and dead) Trochammina hadai in San Francisco Bay. (a) September 1986; (b) Jan-
uary 1987; (c) November–December 1993; (d) August 1995; (e) February 1996; (f) August 1996; (g) February 1997; (h) August 1997;
(i) January–February 1998; (j) January and March 2010; (k) August 2014, September 2015, and August 2016; and (l) November 2024. Note
the absence of samples taken in western Central Bay in 2010. The distributions are based on single samples (no replicates) and may be
affected by increased productivity of other species, taphonomic loss, and seasonal blooms, although the latter is less likely due to sampling in
successive summers and winters (September 1986 to January 1987 and August 1995 to January–February 1998). Solid black circles denote
the presence of T. hadai. In maps (a) and (d), the open circles denote, for comparison, the location of sites in South Bay in 1980–1981 and
1983 (see Fig. 10d and 10e) where no T. hadai was recovered. The boundary between freshwater and seawater (the 2 psu line), if present, is
shown in the North Bay as a heavy pink line. In summer, the 2 psu line was located in Honker Bay and the San Joaquin River (August 1995;
(d)), or up the Sacramento and San Joaquin Rivers (off the map in August 1996 and August 1997; (f, h)); in winter, it was located in Grizzly
and Honker bays [February 1996; (e)] and in San Pablo Bay (February 1997 and January–February 1998; (g, i)).
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ples collected in 2014–2016 and 2024 in northern South Bay
and Central Bay (Fig. 11k and l) support the hypothesis of
a seasonal effect, as samples collected in the summer and
winter in similar locations differ by ∼ 7 %–45 % (McGann,
2024), although a decrease in abundance of T. hadai due to
competition or other factors over the intervening decade can-
not be ruled out.

Cores BC01 and BC02 were taken in an attempt to fur-
ther refine the invasion chronology illustrated by the time se-
ries. Core BC02 taken off Point Isabel in Central Bay was
the more highly bioturbated of the two, as evidenced by the
core photograph and X-Ray/CT scans (Fig. 8a, b, c) and the
presence of worm tubes recovered during the sample pro-
cessing throughout much of the upper 50 cm of the core.
In this core, T. hadai was recovered in nearly every sample
down to 47.0 cm (Fig. 8f), well below the Cs-137 first ap-
pearance datum of 1954 at 20.5 cm, and at an estimated age
of∼ 1740–1790 using a sedimentation rate of 1.64 mm yr−1.
We assume that if the species was introduced somewhere in
San Francisco Bay more than two centuries ago, it would
have been found off Point Isabel prior to 1995 (Fig. 11d)
when we have a definitive record of its first presence at that
location. Instead, recovery of the species in sediments dated
as 18th century is not reasonable and is attributed to down-
core displacement by bioturbation, which is known to intro-
duce error in both radiochemistry (Santschi et al., 2001) and
biological records.

Core BC01 recovered off Alameda displays extensive shell
material and little evidence of bioturbation in the core pho-
tograph and X-Ray/CT scans (Fig. 7a, b, c). The species was
found down to a depth of 31 cm (Fig. 7f), below the Cs-137
maximum appearance datum of 1963 at 25.5 cm (Fig. 7e),
and at an estimated age of 1950 using a sedimentation rate
of 4.18 mm yr−1. Although less downcore displacement is
evident in this core than BC02, T. hadai was not recovered
in extensive surface sampling in this region in 1961–1972
(Fig. 10b, c), so this core also does not improve our under-
standing of the timing of introduction of T. hadai. It is pos-
sible that dated cores obtained in other locations may clarify
when the species spread into other subembayments of San
Francisco Bay.

4.3 Factors in the success of foraminiferal invaders

Trochammina is the oldest known multichambered
foraminifer with a simple trochospiral test. The earliest
well-preserved morphotypes of the genus are those de-
scribed by Tremblin and Haig (2023) from the Lower
Permian (Sakmarian; ∼ 294–290 Ma; Cohen et al., 2013)
of the Irwin Basin in Western Australia in mudstone beds
deposited in a very shallow-water and muddy estuarine-like
interior sea. Tremblin and Haig noted that the Sakamarian
species Trochammina geoffplayfordi Tremblin and Haig was
a very close morphological analogue of modern T. hadai
(Fig. 12), clearly demonstrating the conservative and slowly

Figure 12. Light microscope images. (1) Trochammina hadai from
Leschenault Inlet, Australia; spiral side (1a), umbilical side (1b). (2)
Trochammina geoffplayfordi (Sakmarian – Lower Permian; ∼ 294–
290 Ma) acid-digested from a carbonate-cemented mudstone nod-
ule, upper Holmwood Shale, Irwin Basin, Western Australia; spi-
ral side (2a), umbilical side (2b). Photographs courtesy of Clément
Tremblin and David Haig. Scale bars: 100 µm.

evolving nature of the genus. But does being one of the
longest-lived foraminiferal genera contribute to its propen-
sity to be a successful invader? Ammonia (e.g., Ammonia
confertitesta) is another highly successful invader, yet its
Neogene appearance is considerably younger (Loeblich and
Tappan, 1988).

This question remains: what makes some foraminifera
successful invaders and others not, even though they occur
in the same environment? After Pianka (1970), k-strategists
are conservative species with larger body sizes, longer life
cycles, and essentially constant population sizes over time;
they live close to the environment’s carrying capacity. On
the other hand, r-strategist species are known for their op-
portunistic behavior, small size, short life cycles, and highly
variable population sizes without adjustment to available
resources, mostly space and food. Many foraminifers dis-
play opportunistic behavior (Sjoerdsma and Van der Zwaan,
1992; Gooday, 1993; Alve, 1994). The genus Trochammina
is known to be opportunistic (Reolid et al., 2014), epifaunal
or infaunal depending on the species, and characterized by
a diverse feeding strategy (passive herbivore, grazing herbi-
vore, detritivore, omnivore, and bacterivore; Koutsoukos and
Hart, 1990). As a result, Trochammina species can survive in
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and adapt to unfavorable environmental conditions, includ-
ing those that are nutrient-enriched and oxygen-limited.

In a study of Lower Jurassic deposits from northern
Siberia, a benthic biotic crisis (mass extinction) took place
in response to the Toarcian Oceanic Anoxic Event, which
was the result of high total organic carbon (TOC) and a se-
vere decrease in oxygen (Reolid et al., 2014). The diver-
sity of the benthic foraminiferal assemblage dropped sig-
nificantly and was dominated (42 %–91 % of the fauna) by
the agglutinated taxon Trochammina. In other Upper Trias-
sic to Upper Jurassic studies, low-diversity, Trochammina-
dominated agglutinated assemblages were widespread in
Austria (Golebiowski, 1990; Kuerschner et al., 2007; Clé-
mence et al., 2010), Norway (Nagy and Berg, 2008; Nagy et
al., 1990; Reolid et al., 2010), the Barents Sea (Bremer et al.,
2003; Nagy et al., 2010), and the northern North Sea, York-
shire, and north Scotland, UK (Nagy et al., 2010). Trocham-
minids were also among the most robust species persisting
for almost 100 years of high organic matter discharge from a
pulp and paper mill in a highly polluted Swedish–Norwegian
fjord (Polovodova Asteman et al., 2015). It appears that be-
ing an opportunist allows a species to successfully colonize
new environments.

The ability to adapt to stressed environments applies to T.
hadai as well. The species is known to flourish in a wide
range of water temperatures and environmental conditions
such as low oxygen and organic pollution (Kitazato and Mat-
sushita, 1996; Tsujimoto et al, 2006; Lee et al., 2016a, b;
Eichler et al., 2018; McGann et al., 2019a; Eichler, 2024). In
contrast to this however, Lesen (2005) found that while the
standing stock of T. hadai peaked in two successive springs
(2000 and 2001) in South Bay when water column chloro-
phyll and sediment TOC levels peaked during the spring
bloom period, the standing stock then decreased the fol-
lowing fall (2001) despite the fact that the sediment TOC
level was the highest. She concluded that this pattern sug-
gests the species may be outcompeted by other species (e.g.,
Fursenkoina pontoni (Cushman)) that can more quickly ex-
ploit blooms in production or reproduce rapidly when en-
vironmental conditions become optimal for them. Trocham-
mina hadai also has a biphasic lifestyle (Matsushita and Ki-
tazato, 1990; Kitazato and Matsushita, 1996), with the pro-
duction of free-swimming gametes in its sexual phase en-
hancing dispersal (Ruiz et al., 2000).

4.4 Global occurrences of Trochammina hadai

We compared indigenous Japanese specimens of T. hadai
with introduced specimens from habitats along the US Pa-
cific coast and other locations globally. There are very
few differences between 18S sequences derived from T.
hadai and specimens sequenced from Japan (Hamana Lake),
Western Australia (Leschenault Inlet), the US Pacific coast
(Padilla Bay, Humboldt Bay, San Francisco, Santa Bar-
bara, and Los Angeles), and Europe (Le Havre, France, and

Gothenburg, Sweden), which all cluster in a well-supported
group. Therefore, both the molecular and morphological
data suggest they are the same species of T. hadai (Fig. 5;
Plates 1–4).

To evaluate the genetic diversity within T. hadai, we ana-
lyzed complete ITS rDNA for 17 individuals sampled from
three different regions in Japan (Hamana Lake, Akkeshi
Lake, and Matsushima Bay) and five locations along the US
Pacific coast (Samish Bay, San Francisco Bay, Santa Bar-
bara, Los Angeles, and San Diego; Fig. 6). The ITS tree is
divided into two groups that lack BV support. Genetic dif-
ferences within the ITS region are due to short or clustered
indels and substitutions. Pairwise genetic distance within in-
dividuals ranges from 0.003 to 0.020 and is close to pairwise
genetic distance between individuals that ranges from 0.002
to 0.035. The lack of genetic difference indicates that there is
no cryptic speciation among the collected specimens and the
T. hadai specimens in this study are part of a big homogenous
population. However, ITS data have been obtained only for
few specimens from Japan and the US Pacific coast, and fur-
ther analyses are needed to determine the magnitude, origin,
and direction of genetic exchange between local populations
in different geographic regions.

From morphological and molecular analyses, we conclude
that T. hadai has been documented in 77 estuaries or harbors
along the western coast of North America (73 in the USA
and four in Canada; Fig. 4b–d; Table S1; Plate 2, Figs. 2a–
b; Plate 4, Figs. 1–16) but has not yet been recorded in the
Hawaiian Islands. The absence in 2022 of this species at sites
where it occurred in previous surveys does not necessarily
mean that T. hadai no longer resides there but reflects the
fact that new sampling sites at those locations were investi-
gated. Trochammina hadai has also been recovered at nine
sites in Sweden, two in France, three in Brazil, and two lo-
cations at one site in Australia (Fig. 13; Plate 2, Figs. 3a–5b;
Plate 3, Figs. 3a–5b). Specimens from Brazil in Flamengo
Inlet (Eichler et al., 2018), in anoxic Florianópolis Bay sam-
pled in 2014 (Eichler, 2024), and Paranaguá Harbor (as Por-
tatrochammina sp. in Pupo and Disaró, 2006 and Ammoglo-
bigerina globigeriniformis Parker and Jones in Faria et al.,
2021) have not yet been sequenced but have sufficiently sim-
ilar morphology to be considered T. hadai as well (Plate 2,
Fig. 6a–b; Plate 3, Figs. 6a–8b).

In Sweden, T. hadai has been found preferentially resid-
ing in small boat harbors of the city of Gothenburg, such as
Hinsholmskilen Harbour (Polovodova Asteman et al., 2025)
and Långedrag (Jean-Charles Pavard, University of Gothen-
burg, unpublished data, 2024); in two other harbors of the
west Swedish coastline, i.e., Skärhamn (Asplund, 2024) and
Fiskebäckskil (Pavard, unpublished); and in shallow fjords
(Ide, Havstens, By, Koljö, and Hake fjords) on the Swedish
west coast based on metabarcoding (Brinkmann et al., 2023;
O’Brien et al., 2024, 2025) and morphological data (Ax-
elsson, 2024) (Fig. 13a). At Hinsholmskilen Harbour, the
species was a NIS in 70 % of the samples studied in the
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Plate 2. Scanning electron micrographs (SEMs) of selected Trochammina hadai specimens worldwide. (1) Matsushima Bay, Japan; spiral
side (1a), umbilical side (1b). (2) San Francisco Bay, USA; spiral side (2a), umbilical side (2b). (3) Leschenault Inlet and Collie River,
Australia; umbilical side (2a), umbilical side (2b). (4) Le Havre and Caen-Ouistreham, France; spiral side (4a), umbilical side (4b). (5)
Hinsholmskilen Harbour, Sweden; spiral side (5a), umbilical side (5b). (6) Flamengo Inlet, Brazil; spiral side (5a), umbilical side (5b).
Photographs courtesy of Masashi Tsuchiya (1, 2), Clément Tremblin (3), Jean-Charles Pavard (4), Irina Polovodova Asteman (5), and
Patrícia Eichler and André Rodrigues (6). Scale bars: 100 µm.

harbor and comprised 23 % of the assemblage at one sta-
tion located in the middle harbor (Polovodova Asteman et
al., 2025). In samples from a sediment core from Skärhamn,
Asplund (2024) found abundances of T. hadai ranging be-
tween 3.8 % and 26.3 %. The sample containing the high-
est abundance of the species also had plentiful organic mate-
rial. In Hake Fjord, Axelsson (2024) found the abundance of
T. hadai in a sediment core ranging between 0 % and 24 %
from 0–21 cm downcore; the species was not present below
21 cm. In Fiskebäckskil, T. hadai represented about 12 % of
the total assemblage and approximately 23 % in one repli-
cate out of three, whereas in Långedrag, it was only a minor
component (1 %–2 %) of the total assemblage (Pavard un-
published). Most of these Swedish settings are either prone
to severe heavy metal pollution or severe hypoxia.

Elsewhere in Europe, T. hadai was identified based
on morphological and molecular data along the coast of
Normandy, mainly in Le Havre Harbor but also Caen-
Ouistreham Harbor (Bouchet et al., 2023; Fig. 13b). Like
in native habitats of Asia, the species was found in transi-
tional waters with muddy sediments and exhibited high rela-
tive abundances (up to about 40 %), confirming that T. hadai
is a highly competitive NIS in this location.

In Brazil, no specimens of T. hadai were found in studies
conducted in the southeastern region of Ubatuba, São Paulo
State, in the 1990s and 2000s (Duleba, 1994, and Duleba
et al., 1999, in Flamengo Inlet; Burone and Pires-Vanin in
Ubatuba Bay (1994); and Silva and Duleba, 2013, in For-
taleza Inlet in 2008), but four living specimens were re-
covered in Flamengo Inlet in 2010 (Rodrigues et al., 2014)
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Plate 3. Light microscope images of Trochammina hadai from global sites. (1, 2) Matsushima Bay, Japan; spiral side (1a, 2a), umbilical
side (1b, 2b). (3) Leschenault Inlet and Collie River, Australia; spiral side (3a), umbilical side (3b). (4) Le Havre and Caen-Ouistreham,
France; spiral side (4a), umbilical side (4b). (5) Hinsholmskilen Harbour, Sweden; spiral side (5a), spiral side (5b). (6) Flamengo Inlet,
Brazil; umbilical side (6a), umbilical side (6b). (7–8) Paranaguá Bay, Brazil; spiral side (7a, 8a), umbilical side (7b, 8b). Photographs
courtesy of Masashi Tsuchiya (1, 2), Clément Tremblin (3), Jean-Charles Pavard (4), Irina Polovodova Asteman (5), Patrícia Eichler and
André Rodrigues (6), and Sibelle Trevisan Disaró (7, 8). Scale bars: 100 µm.

(Fig. 13c, c1). The environment of Flamengo Inlet is greatly
impacted by chronic and acute stress, particularly from do-
mestic sewage, oil, and gasoline leaks and erosion (Sanches,
1992; Rodrigues et al., 2014). Organically enriched sediment
had TOC values averaging 7 % but reaching up to 11 %. Just
4 to 5 years later (2014–2015), the species had become well

established, occurring at more than two-thirds of the 18 sites
studied (Eichler et al., 2018). Generally, the T. hadai abun-
dances were low (< 4 %), but the species comprised 13 %–
18 % of the assemblage at three locations. Trochammina
hadai was also first recovered in 2005 in Paranaguá Har-
bor (Pupo and Disaró, 2006; Sibelle Trevisan Disaró, Federal
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Plate 4. Light microscope images of Trochammina hadai from coastal western North America. (1) Nanaimo Harbour. (2) Davis Lagoon. (3)
Padilla Bay, Washington. (4) Willapa Bay, Washington. (5) Coos Bay, Oregon. (6) Humboldt Bay, California. (7) Bodega Bay, California. (8)
Tomales Bay, California. (9) San Francisco Bay, California. (10) Morro Bay, California. (11) Santa Barbara, California. (12) Marina Del Rey,
California. (13) Los Angeles/Long Beach Harbor, California. (14) Newport Beach, California. (15) Mission Bay, California. (16) San Diego
Bay, California. Sites (1)–(2) in British Columbia, Canada; sites (3)–(16) in the USA. All views are of the umbilical side, except Coos Bay
which is a twinned specimen. Photographs courtesy of Mary McGann (1–2, 4–12, 14–16) and Maria Holzmann (3, 13). Scale bars: 100 µm.

University of Paraná, personal communication, 2018) and in
samples collected in 2014 from Florianópolis North Bay. At
the latter location, the sediments were oxygen depleted with
high organic matter, which are favorable conditions for the
occurrence of T. hadai. The species comprised 4.57 % and
3.19 % of the foraminiferal assemblages in May and October,
respectively (Eichler, 2024; Fig. 13c, c1). These are further

examples that, as in Japan and elsewhere, this NIS tolerates
and even thrives in contaminated locales.

Leschenault Inlet and the associated lower Collie River,
linked to Bunbury Port in southwestern Australia, is the
only Australian location where T. hadai has been confirmed
by molecular analysis (Tremblin et al., 2021; Fig. 13d). In
the mud samples here, Tremblin et al. (2021) noted that T.
hadai and Ammonia spp. were the dominant species, ac-
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Figure 13. Worldwide locations of foraminiferal studies reporting the presence of Trochammina hadai. Red circles indicate where the species
is non-indigenous, green squares indicate where the species is native, and yellow circles indicate where the species is suspected of being an
NIS. (a–d) Detail of sites in Sweden, France, Brazil, and Australia, respectively. Panel (a) is modified from Pavard (unpublished data); panel
(b) is modified from Bouchet et al. (2023); panels (c) and (c1) are modified from Eichler et al. (2018) and Eichler (2024); and panel (d) is
modified from Tremblin et al. (2021). Panel (c1) shows panel (c) in more detail, showing the sites in Florianópolis where T. hadai has been
found.

companied by species of Ammobaculites, Cornuspira, El-
phidium, Nonion, and Quinqueloculina (also refer to Revets,
2000). In other isolated estuaries along over 2000 km of
coastline in southwestern Australia, T. hadai has not been
found.

4.5 Global vectors and spreading rates

4.5.1 West coast of North America

Our earliest record of T. hadai along the western US seaboard
is in Puget Sound (McGann et al., 2012), specifically in
Padilla Bay. How was the species introduced there? Since
T. hadai is infaunal, not epibiotic, it is unlikely that it trav-
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eled from Asia to the west coast attached to marine plants
or floating anthropogenic debris. Instead, could the disper-
sal of planktonic propagules (although not yet confirmed for
T. hadai) passively carried by the prevailing eastern-flowing
North Pacific Current across the Pacific Ocean (Fig. 14) have
resulted in the introduction of T. hadai in Puget Sound?
The speed of this current is 0.03–0.06 m s−1, and the dis-
tance from Japan to Puget Sound is ∼ 4000 nmi. Using the
higher speed, it would take the propagules more than 23
months to make the journey across the Pacific. Most ben-
thic foraminifera are known to have short life spans of from
a few weeks or months to approximately a year in favorable
environmental conditions (Cearreta, 1988; Lee et al., 1991;
Langer, 1993; Murray, 1991). Examples of this are Ammo-
nia (4–5 months; Cearreta, 1988), Haynesina germanica (3
months; Cearreta, 1988), and Planorbulina mediterranensis
d’Orbigny (> 10 months; Langer, 1993). Foraminiferal life
spans may also extend as environmental conditions deteri-
orate. Murray (1991) and Hayward et al. (2014) suggested
they may live up to 5 years or even as much as 13 years
in marsh environments with extreme conditions (Hayward et
al., 2014). From a study in shallow, brackish Hamana Lake
in Japan, Matsushita and Kitazato (1990) determined that the
average life span of T. hadai was only 3–6 months. There-
fore, it seems unlikely that living propagules, juveniles, or
adults of T. hadai would survive the journey across the Pa-
cific to successfully colonize Puget Sound or other west coast
sites of the USA. The same would be true of transits across
the Atlantic Ocean to Europe or Brazilian destinations, as
well as across the Pacific or Indian oceans to Australia. It
should be noted, however, that some species may use “step-
ping stones” to migrate over vast distances (McGann et al.,
2019b), or their propagules can go into a dormant state under
certain conditions, thereby lengthening the overall life span
significantly (Ross and Hallock, 2016), which might also fa-
cilitate longer dispersal routes.

Padilla Bay was one of the sites of early oyster farming
along the west coast (Fig. 15a, b). Historical oyster beds were
located in other Puget Sound locations as well, including
Bellingham, Chuckanut, Samish, Fidalgo, and Similk bays;
Orcas and Shaw islands; and the northeastern shore of Whid-
bey Island (Fig. 15c; Dinnel et al., 2009). Small, native oys-
ters (Olympia oysters, Ostrea lurida Carpenter) were culti-
vated commercially in Samish and Willapa bays in the early
1850s and became highly sought after in San Francisco due
to the California gold rush of 1848–1855 (Caswell, 2016).
Due to their natural slow growth and accelerated harvest-
ing, supplies began to diminish in the 1870s, so oysters from
Chesapeake Bay in the eastern USA (Eastern or Atlantic oys-
ter, Ostrea virginica Gmelin) were transported to Willapa
Bay in 1896 (Esveldt, 1948). In 1902 and 1903, Japanese en-
trepreneurs brought Hiroshima oysters to Samish Bay from
Kobe (Hyōgo Prefecture), and in 1906–1907, Chiba oysters
from Tokyo Bay were planted in several locations, including
Willapa Bay, but these transplant efforts were not successful

Figure 14. Generalized surface currents in the eastern portion of
the northern Pacific Ocean.

(Juzo Hori, History of transplantation of Japanese oysters to
the United States, Tokyo Imperial Fisheries College, unpub-
lished, 1947; Esveldt, 1948; Steele, 1964; Hiroshi Kitazato,
Tokyo University of Marine Science and Technology, per-
sonal communication, 2024). Instead, the Eastern oyster con-
tinued to be cultivated until an unexpected die-off occurred in
1919. The die-off allowed for the introduction of the large Pa-
cific oyster (Crassostrea gigas (Thunberg)) from Miyagi Pre-
fecture, Japan, to Samish and Willapa bays shortly thereafter,
as well as in Grays Harbor in 1933 (Fig. 15b) (Juzo Hori,
History of transplantation of Japanese oysters to the United
States, Tokyo Imperial Fisheries College, unpublished, 1947;
Esveldt, 1948; Steele, 1964; Hiroshi Kitazato, Tokyo Univer-
sity of Marine Science and Technology, personal communi-
cation, 2024).

Similarly, in southwestern British Columbia, Canada, Pa-
cific oysters were first introduced in Ladysmith Harbour
and Fanny Bay (located 23 km south and 82 km north of
Nanaimo, respectively) in 1912–1913 from stock sent from
Miyagi Prefecture (Lavoie, 2019). Because many of the adult
Pacific oysters did not survive the 2-week transit from Japan,
importation of seed oysters was started instead. The oyster
shells with attached spat (referred to as “sets”) were first
reported in Ladysmith Harbour in 1925 (Lavoie, 2019). In
1926, 2000 oysters were transplanted to the harbor from
Samish Bay as well as seed oysters from Japan, and by
1929–1932, 4 million seed oysters were imported from Japan
(Lavoie, 2019). In both British Columbia and Puget Sound,
the seed oysters and marine plants in which they were packed
and transported, as well as the associated sediment, were
dumped directly into the local waters. The larvae were al-
lowed to grow and were then harvested. It was in this packing
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Figure 15. (a) Map of the west coast of the USA with selected sites
of early (1850s) oyster culturing. (b–c) Location (black circles) of
historic Olympia oyster beds in (b) Grays Harbor and Willapa Bay
and (c) Northern Puget Sound. Panel (c) modified from Dinnel et
al. (2009).

material and sediment (as discussed above) that specimens of
T. hadai could have easily been introduced into those bays
and harbors from Japan. Possibly the NIS Ammonia con-
fertitesta arrived in the Ladysmith Harbour area around this
time as well (McGann and Holzmann, 2024). Furthermore,
oyster farming produces lots of feces, resulting in organic
rich sediment under the farms, which may cause a collapse
in the natural nutrient cycles. In turn, dysoxic or even anoxic
bottom conditions may develop, and T. hadai is known to
thrive in dysoxic environments.

Although we cannot definitively determine the timing or
location of T. hadai’s introduction along the western US
seaboard, a core from Padilla Bay suggests the species ar-
rived there at some point between the late 1800s and 1971
(McGann et al., 2012). We tentatively assume the NIS ar-

rived in Samish, Padilla, and Willapa bays with the oys-
ter transplants from Japan from 1902 to the 1920s and in
southwestern British Columbia (Ladysmith Harbour) in the
1920s. From these locations, the dispersal of propagules car-
ried by the prevailing currents could have easily dispersed
the NIS the short distances throughout other bays and har-
bors of northern Puget Sound and the San Juan Islands
(Fig. 15c). It is less certain that they could reach other ports
and harbors along the west coast of the USA besides those
of Puget Sound. The California Current flows southward
along the coast (Fig. 14) at speeds of 5–10 cm s−1, and the
distances between most ports and marinas are large: Puget
Sound (Seattle) to San Francisco Bay (931 nmi), San Fran-
cisco to Los Angeles/Long Beach (475 nmi), and Los Ange-
les to San Diego (55 nmi). At the higher speed, it would take
a foraminifera 6.7 months to reach San Francisco Bay from
Puget Sound. This is pushing the limit of the life span of T.
hadai, although as already discussed, if the species produced
dormant propagules, the life span could be much longer.

Fishing boats and pleasure boats carrying foraminifera
on their anchors and anchor chains is clearly a means by
which specimens of T. hadai may be transported between
all ports and marinas along the west coast of the USA that
are too small for large transoceanic vessel traffic; in our
study, this includes Bodega, Tomales, Morro, and Mission
bays; Santa Barbara Harbor; Marina Del Rey; and Newport
Beach (Fig. 4). However, the amount of sediment deposited
in those locations by this vector would not be large, dimin-
ishing the chance of viable introductions. Instead, transport
of foraminifera in ballast tanks is a means by which several
billion metric tons of water worldwide (David et al., 2015)
and tens of tons to 200 t of sediment per vessel (Drake et al.,
2005; Johengen et al., 2005) are carried between ports with a
much higher potential for introductions upon their release.

The advent of shipping commercial products on a global
scale expanded greatly after World War II and into the mid-
20th century, including both bulk carriers and tankers, which
utilized ballast tanks for stability. Transit times have de-
creased over the years, so now it only takes a few weeks to
travel across vast oceans between ports (SEARATES, 2019).
With the short transit times, foraminifera can easily remain
viable during the trip. Therefore, T. hadai, with a life span of
3–6 months or possibly longer if conditions are poor, should
have no problem surviving transits between global ports in
ballast tanks.

According to Seebens et al. (2013), the most vulnerable
areas to marine bio-invasions by means of commercial ship-
ping include the northwest Pacific, Mediterranean Sea, cen-
tral Indo-Pacific, and northwest Atlantic. Trade routes with
a high invasion probability include the USA to Scandinavia
and Brazil to the Mediterranean Sea; low invasion proba-
bility routes span Asia to Brazil, Asia to Australia, France
to Australia, the USA to Brazil, and the Panama Canal to
Scandinavia and France (Seebens et al., 2013; Fig. 16). In
the northwest Pacific, Asia is the primary source of NIS in-
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troductions, and there is a high probability of invasion be-
tween those trading partners (Seebens et al., 2013; Fig. 16).
We have surmised that T. hadai arrived in the plant material
and sediment associated with oyster and larvae transported
to Puget Sound from Japan in 1902 to the 1920s, but we
also assume that the species was introduced to the west coast
of the USA through not a single but repeated inoculations
through the years, whether through Japanese oysters or bal-
last water and sediment. The major ports on the western US
seaboard in our study that are frequented by bulk carriers and
tankers, and therefore could have ballast water and sediment
as a vector of introduction, include Prince William Sound,
Nanaimo, Bellingham Bay in Puget Sound, Humboldt Bay,
San Francisco Bay (i.e., the Port of Oakland), Los Angeles/-
Long Beach ports, and San Diego Bay (Fig. 4).

Today, the Port of Oakland ranks among the four largest
Pacific coast ports for container cargo, along with Los An-
geles and Long Beach in southern California and Seattle and
Tacoma in Washington state. In 2023, about 74 % of the Port
of Oakland’s trade was with Asia, 17 % with Europe, 3 %
with Australia or Aotearoa / New Zealand and other Pacific
islands, and about 1 % with other foreign nations; about 5 %
was domestic (primarily Hawaii) (Oakland Seaport, 2024).
Similarly, the top five foreign trade routes of the Port of
Los Angeles in 2023 were Northeast Asia (61 %), South-
east Asia (27 %), India Sub-continent (3 %), Northern Eu-
rope (3 %), and Mediterranean (2 %) (The Port of Los An-
geles, 2024). The Port of Long Beach’s trade is more than
90 % East Asian, and the five top foreign trading partners are
China, Vietnam, Thailand, South Korea, and Taiwan (Port
of Long Beach, 2024). Smaller trading partners are Hong
Kong SAR, Indonesia, Malaysia, Italy, Cambodia, Australia,
and Japan. The top five trading partners for the combined
ports of Tacoma and Seattle include China/Hong Kong SAR,
Japan, Alaska, South Korea, and Taiwan (City of Tacoma,
2024) and, for the Port of San Diego in 2019, Japan, Ger-
many, and South Korea (California Association of Port Au-
thorities, 2024). Clearly, Asia is the primary source of trade
in coastal northeastern Pacific ports.

San Francisco Bay is one of the few locations where we
may get an approximation of a spreading rate due to the
repeated surface sampling that occurred there over several
years. The last comprehensive bay-wide survey occurred
in 1961–1970 (Fig. 10b) through the studies of Conomos
(1963), Means (1965), Slater (1965), Gram (1966), Quin-
terno (1968), and Locke (1971). The only region not covered
in these studies was Central Bay, which was undertaken in
1972 by Wagner (1978) but which was only partial cover-
age of that subembayment (Fig. 10c). None of these stud-
ies reported the occurrence of T. hadai. The species was
also not recovered in subsequent sampling based on sam-
ples collected by Nichols, Sloan, and Brunner in 1980-1981
(Fig. 10d; Doris Sloan, University of California Berkeley,
personal communication, 1997; McGann et al., 2024) un-
til the single sample in 1983 from South Bay (Fig. 10e).

We have already discussed how quickly the NIS became a
dominant constituent of the foraminiferal assemblage. This
is demonstrated in Fig. 11a. The open circles represent sites
where no specimens of T. hadai were found in 1980–1983.
Overlying this is the abundance of the species in 1986. In
just 6 years, T. hadai dominated the assemblage at six of the
nine sites. Similarly, the three sites near the eastern edge of
Central Bay where the species was not found in 1980–1981,
had abundances of > 70 % a maximum of 15 years later (Au-
gust 1995, Fig. 11d). The invasion could have occurred even
more quickly, but we do not have the samples to confirm
this. Our limited sampling also allows us to determine that
the species spread throughout San Francisco Bay in a max-
imum of 34 years (1961–1995; compare Figs. 10d and 11d)
but possibly much sooner.

4.5.2 France

In the 1700 and early 1800s, native flat oysters (Ostrea edulis
Linnaeus) were obtained by dredging off boats in France. In
1858, the first spat collection was undertaken, and in 1859,
the first oyster beds were created (Arcachon Bay, 2024). Oys-
ter farming expanded in France between 1870 and 1890 but
collapsed due to marketing problems in 1891–1896. In 1920,
the native oyster population was decimated by a viral dis-
ease, and cultivation of the Portuguese oyster (Magallana
angulata (Lamarck)) began mainly in Marennes-Oléron Bay
and Arcachon Bay but also in the Bay of Bourgneuf, La
Rochelle, and Gironde Estuary, only to again succumb to a
viral disease in 1970–1971 (Gizel and Héral, 1991). Probably
around 1966, large Pacific oysters (Crassostrea gigas) and
their spat were imported from Japan in Marennes-Oléron Bay
(Le Borgne et al., 1973), where they have continued to be cul-
tivated. All four of these sites are situated in the Bay of Bis-
cay. The Port of La Rochelle is the most northern of the four
and lies about 1100 km southwest of the Port of Le Havre.
Although the prevailing tides flow northward from the Bay
of Biscay and then eastward in the English Channel, the dis-
tance seems too great to expect any propagules of T. hadai to
survive and arrive in sufficient numbers to establish a popula-
tion there. Instead, Le Havre Harbor holds a key geographical
position, being the first port along the Northern Range (i.e.,
one of the busiest port ranges in the world from Le Havre
to Hamburg, also including Antwerp and Rotterdam) where
ships can stop when entering Europe. The Northern Range is
the main shipping interface between Europe and Asia, mak-
ing Le Havre the shortest international shipping route from
Asia to Europe. No less than two-thirds of the international
shipping entering Le Havre Harbor is from Asia, and interna-
tional trade between these two places dates back to the 19th
century, with a sharp increase in the early 1990s. In Nor-
mandy, T. hadai was only very abundant in heavily modified
habitats like harbors, suggesting that ballast water and sed-
iment likely constitute the vector of introduction. However,
it was nearly absent from natural transitional waters suggest-

https://doi.org/10.5194/jm-44-275-2025 J. Micropalaeontology, 44, 275–317, 2025



304 M. McGann et al.: Analysis of a human-mediated microbioinvasion

Figure 16. Simplified map (modified from Seebens et al., 2013) of invasion probability of trade routes to the sites where Trochammina hadai
has been recovered in the USA, Sweden, France, Brazil, and Australia. Black trade routes represent a domestic source, green trade routes a
foreign source with low invasion probability, and red trade routes a foreign source with a high invasion probability. The invasion probability
(i.e., total invasion risk) is based on the study by Seebens et al. (2013) of 717 250 ballast water releases from 1 January 2004 to 12 July 2012,
with each species passing three distinct and independent invasion transitions: (1) the probability that a species is alien in a recipient port; (2)
the probability of the species’ introduction (i.e., it survives being entrained in ballast tanks), which decreases with travel time and increases
with the amount of released ballast water; and (3) the probability of the species’ establishment in the recipient port, which increases when
donor and recipient ports have similar environments in terms of water temperature and salinity. San Francisco Bay was one of the four highly
invaded sites used in their study. The US domestic ports along the northwestern Pacific seaboard are HI (Hawaii), LA/LB (Los Angeles/Long
Beach ports), SF (San Francisco Bay, California; Port of Oakland), OR (Portland, Oregon), WA (Puget Sound, Washington), and AK (Port
Valdez, Prince William Sound, Alaska).

ing that the propagation outside the Normandy harbors may
be limited in the future.

4.5.3 Sweden

Some locations where T. hadai has been observed as an
NIS in Sweden are small boat harbors (i.e., Fiskebäck-
skil, Skärhamn, Långedrag, and Hinsholmskilen Harbour),
in which the vector of introduction is likely mud on anchors
and anchor chains of pleasure and fishing boats. For sites lo-
cated in the shallow west coast fjords, the means of intro-
duction is more complex. Though there are a lot of mari-
nas around, the fjords are also located on plausible shipping
routes to some bigger harbors such as Halden (Norway) for
the Idefjord; Udevalla for Koljö, Havstens, and By fjords; or
both Wallhamn and Stenungsund harbors for the Hake Fjord.
All these are not the biggest harbors along the west coast of
Sweden, but they still host some substantial industries and
bigger ships/vessels, in addition to hosting small boat har-
bors. These bigger harbors could also be other first intro-

duction spots, and then the pleasure boat traffic could help
spread T. hadai or other NIS foraminifera into the fjords. This
could also be the case for the small boat harbors of Långe-
drag and Hinsholmskilen Harbour, located at the end of the
mouth of the Göta River estuary, which hosts the largest in-
ternational trade harbor in Scandinavia, the Port of Gothen-
burg and marinas, or for the Fiskebäckskil small boat harbor,
located next to the town of Lysekil, which also hosts a large
harbor with some industries. As such, this would well repre-
sent the “bridgehead effect” (Bertelsmeier et al., 2018), with
the Port of Gothenburg and/or smaller industrial harbors be-
ing the first introduction spots around and then small indus-
trial/small boat harbors being secondary ones.

Based on preliminary sediment core studies, the arrival of
T. hadai to Sweden may have taken place sometime after the
1970s (Axelsson, 2024). The timing of the species’ arrival
suggests the possibility that oysters from Japan (and their
packing material) were the vector of introduction. Originally,
the native flat oyster Ostrea edulis was cultivated in Swe-
den. With the viral-induced oyster collapse that decimated
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both the native (1920) and Portuguese oysters (1970–1971),
the Pacific oyster Crassostrea gigas was introduced from
Japan to Europe in the 1960s (Andrews, 1980; Drinkwaard,
1999) and to Scandinavia for aquaculture trials in the 1970s
(Wrange et al., 2010). This did not cause an establishment
of wild populations until the 1990s when the Pacific oysters
were observed in the Danish Wadden Sea (Diederich et al.,
2005). The main invasion event in Sweden, though, first oc-
curred in 2006/2007 (Wrange et al., 2010; Strand et al., 2012;
Greeve, 2023); C. gigas has now completely taken over the
shallow west coast bays (Strand et al., 2012; Greeve, 2023).
Denmark’s shellfish hotspot, the Limfjord in North Denmark,
may have been a primary vector location. Based on this, the
introduction of T. hadai to Sweden may have occurred in
connection with the first aquaculture trials with C. gigas in
the 1970s.

4.5.4 Brazil

Pacific oyster larvae were first introduced into Brazil in 1974
from Great Britain and into Cananéia, São Paulo, from Japan
in 1975 (Akaboshi, 1979; Akaboshi et al., 1983). Brazil’s
main oyster producer is the state of Santa Catarina (91 %;
Oliveira Neto, 2008), with most cultivation occurring in the
North and South bays of Florianópolis Island and around Pal-
hoça (Melo et al., 2010; Fig. 13c, c1). Because no commer-
cial shipping occurs in the North Bay of Florianópolis, we
suggest the T. hadai present there (Eichler, 2024) was in-
troduced to the North Bay of Florianópolis in the marine
plant matter used for packing when the shipment of Pa-
cific oysters arrived from Japan. Flamengo Inlet, just south
of Ubatuba, also has no commercial shipping traffic, so it
seems likely that the species spread there from Florianópo-
lis in mud on anchors and anchor chains of active commer-
cial fishing and recreational boating traffic. There are also
four major ports (i.e., Santos, São Sebastião, Angra dos Reis,
and Itaguaí) within ∼ 250 km north and south of Ubatuba
(Oliveira, 2008) that could have been potential sources of T.
hadai through ballast water and sediment releases. Similarly,
a large port city, Itajai, is situated just 100 km north of Flo-
rianópolis and may also be a source of T. hadai. Paranaguá
Harbor, situated approximately ∼ 700 km southwest of Fla-
mengo Inlet, is strikingly different from the other two lo-
cales by being a major coastal port city with extensive com-
mercial shipping. Ballast water and sediment releases oc-
cur regularly, and numerous alien micro- and macroinverte-
brate species have been introduced there (refer to Oliveira,
2008, and references therein). For example, an outbreak of
cholera in Paranaguá in 1999 was attributed to ballast water
discharges (Oliveira, 2008). We surmise that the dumping of
marine plant matter associated with the introduction of Pa-
cific oysters from Japan in 1975 was a primary vector intro-
ducing T. hadai into southern Brazil, as well as the release
of ballast water and sediment, obtained at distant locations,
into the ports of Paranaguá, Santos, São Sebastião, Angra dos

Reis, Itaguaí, and Itajai, with a secondary vector being the
transport by fishing boats and pleasure boats to the smaller
marinas.

The only introduction timeline we have for T. hadai in
Brazil is in Ubatuba in the 1990s and 2000s where the species
was absent in Flamengo Inlet (Duleba, 1994 and Duleba et
al., 1999), Ubatuba Bay (Burone and Pires-Vanin, 1994), and
Fortaleza Inlet in 2008 (Silva and Duleba, 2013) and then ap-
peared very rarely in Flamengo Inlet in 2010 (present but not
statistically significant at only 2 of 34 sites; Rodrigues et al.,
2014). By 2014–2015, the species had become established at
14 of the 18 sites studied (< 4 % at seven sites, 13 %–18 %
at three more sites, and present at four more sites with statis-
tically insignificant counts; Eichler et al., 2018). We assume
this rapid, 5-year introduction chronology is another exam-
ple of the “Bridgehead” effect, where species are introduced
by a primary vector (the release of oysters with marine plant
matter and associated sediment or ballast water and sediment
in this case) elsewhere and then are carried to the site by sec-
ondary vectors (anchors of fishing and pleasure boats).

4.5.5 Australia

Unlike France, Sweden, or Brazil, oyster culturing does not
appear to have been a vector for the introduction of T.
hadai in Leschenault Inlet, Australia. Although Pacific oys-
ters were successfully introduced from Japan to western Aus-
tralia in 1947, they eventually died out (NSW Government,
2024). In the 1980s, the oysters entered New South Wales
waters, invading many intertidal regions and coastal water-
ways. Due to the great distances (2680 km) between these
sites though, we assume the release of oyster larvae and
transport in currents was not a viable vector of introduction
of T. hadai into Leschenault Inlet. Instead, Bunbury Port,
located only 13.5 km south of Leschenault Inlet, is a ma-
jor wood chip exporting site in southwestern Australia with
most of the commodity destined for Japan. Transported via
small vessels with shallow drafts allowing navigation at wa-
ter depths of around 20 m, these vessels release ballast wa-
ter (including mud) before they take on the wood chip load.
Tremblin et al. (2021) argued that T. hadai was introduced in
Leschenault Inlet via ballast water from Japan released when
the ships were in or near the port. It is also possible that trans-
port on the anchors and anchor chains of pleasure or fishing
boats, or by planktonic propagules carried on local currents,
could be responsible for the introduction of T. hadai over the
short distance. However, we only have surface samples at this
location and therefore cannot determine a spreading rate.

Further investigations, particularly with dated cores, could
help refine the spreading rates at these global sites. We must
also be aware that invasions occur in both directions between
trading partners. An example of this was the discovery by
one of us (Hiroshi Kitazato) of Ammonia lineages originating
from coastal California sediments on the Kanazawa Hakkei
coast, which is located near the US Naval base at Yokosuka,
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Japan. It appears this lineage group invaded Japan from the
USA after World War II, most likely through the release of
ballast water and sediment from the naval ships.

Seebens et al. (2017) identified three major patterns of
non-native species introductions globally:

– Pattern 1: for algae, invertebrates, and some vertebrates
there were weak increases until ∼ 1950, followed by
strong increases via the unintended consequences of in-
creasing trade;

– Pattern 2: a decrease in the deliberate translocation of
mammals and fish after ∼ 1950;

– Pattern 3: a high rate of introductions of plants in the
19th century associated with European colonization,
with a continued high rate in the latter part of the 20th
century associated with trade (e.g., of food, pets, and
ornamental plants).

At many of the global sites where T. hadai has been found,
ballast water and sediment appear to be a primary vector of
introduction of the NIS in the major ports, so pattern 1 clearly
illustrates the global spread of T. hadai. The species’ rapid
spread globally is also likely the best example of a protist
for identifying recently accumulating “Anthropocene” strata,
and moreover its rapid intercontinental distribution dovetails
with the post-World War II Great Acceleration sensu Steffen
et al. (2015), for which international shipping is a key marker
and which is the driving mechanism of the Anthropocene.

5 Conclusions

Natural migrations from Asia to the North American con-
tinent through the Bering Strait region or vice versa have
occurred several times when the Earth was much warmer
than now (i.e., hypsithermal times, such as 6000–7000 BP,
120 000 BP, or 15–17 Ma BP). However, the story of the
global spread of Trochammina hadai is a typical story of
anthropogenic dispersion. Cultivated oysters and oyster lar-
vae from Japan, with their associated packing of plant matter
and sediment, were a possible early vector for the introduc-
tion of T. hadai into the USA, France, Sweden, and Brazil.
These specimens were likely to have been further transported
to a secondary location by means of mud on anchors or an-
chor chains of fishing and pleasure boats. Whereas larger cur-
rent systems are unlikely to transport viable specimens of T.
hadai (adults and propagules) globally, the rise of commer-
cial shipping after World War II exponentially increased the
quantity of ballast water and sediment shipped worldwide,
both of which were dumped into receiving ports with no con-
cern about NIS. Despite new efforts to curb these NIS intro-
ductions, we now have an unprecedented number of anthro-
pogenic introductions in the last 200 years that, when com-
bined, represent planetary-scale changes to the biosphere and
act as potential stratigraphic markers for the Anthropocene

(Williams et al., 2022). Where T. hadai is present as an alien
species, more studies could help enhance our understand-
ing of the timing of introductions on local and global scales.
Whether this occurs by obtaining dateable cores or new tech-
niques such as single-cell transcriptomics, which help con-
nect or separate populations and clarify introduction gate-
ways by studying primary and secondary introduction dy-
namics (Weiner et al., 2023), it is critical that we address
the impact of these microscopic invaders on biodiversity, na-
tive populations, and ecosystem functioning through further
investigations.
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