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Abstract. We used morphological and molecular surveys to determine the presence or absence of Notoden-
drodes antarctikos and its congener, Notodendrodes hyalinosphaira, at diverse sites within McMurdo Sound,
Antarctica. Morphological surveys were performed using shipboard box-core sampling, as well as handheld cor-
ing and visual inspection by divers in shallow (< 23 m) waters. Concurrent molecular analyses were performed
using species- and genus-specific PCR primers on environmental DNA extracts. Both survey methods show that
N. hyalinosphaira is widely distributed in the region but that N. antarctikos was not detected outside its origi-
nally reported range. The survey methods show complementary strengths and weaknesses, with morphological
detection being more sensitive in areas where large and distinctive adult forms are present and with molecular
detection being more effective for identification of presumed juvenile or propagule stages. Our results suggest
that N. antarctikos is a highly endemic protist and may have one of the most restricted ranges ever reported for

an Antarctic organism.

1 Introduction

Larger (> 1 mm) agglutinated foraminifera are diverse and
ecologically important protists in modern marine settings,
notably in polar and deep-sea habitats (reviewed in Mur-
ray, 2006). Many species belong to the single-chambered
Monothalamea (“monothalamids™), a polyphyletic group
that includes genera such as Astrammina spp., Astrorhiza
spp., and Rhabdammina spp. Some deep-sea members of
this group have morphologically complex tests, among them
the macrofaunal Komokioidea and the megafaunal Xeno-
phyophoroidea. In addition to being notable and often vi-
sually prominent members of modern benthic communities,
monothalamids have a long geological history and include

the earliest (lower Cambrian) foraminifera (e.g., Platysolen-
ites, Mcllroy et al., 1996) to appear in the fossil record.

Among the morphologically most striking large monotha-
lamids found in coastal Antarctic waters are two arborescent
epifaunal species belonging to the genus Notodendrodes,
namely N. antarctikos and N. hyalinosphaira (Fig. 1). These
species are superficially similar to tree-like foraminifera
known from many other parts of the world, for example
Arborammina hilaryi, Luffammina atlantica, and Pelosina
arborescens (Cedhagen, 1993; Shires et al., 1994; Kamen-
skaya et al., 2002; see also Fig. 5 of DeLaca et al., 1980).
Notodendrodids are distinguished from these and other
monothalamids, however, by the presence of an allogromiid-
like cell body encased by an agglutinated test (Bowser et al.,
1995a).

Published by Copernicus Publications on behalf of The Micropalaeontological Society.



338 A. Habura et al.: Distribution of two notodendrodid foraminiferal congeners in McMurdo Sound

Figure 1. Notodendrodes species. Notodendrodes antarctikos (left)
has a much more gracile morphology than N. hyalinosphaira
(right). “Tree” morphs of both species may project more than 2 cm
above the seafloor and are readily observed by divers. Drawing by
Stephen P. Alexander.

In this paper we describe the regional distribution of
N. antarctikos and N. hyalinosphaira in McMurdo Sound,
Antarctica. As originally reported (DeLaca et al., 1980,
2002), notodendrodids occurred exclusively in the New Har-
bor region on the western side of McMurdo Sound, Antarc-
tica, with N. antarctikos only found within Explorers Cove.
These restricted occurrences contrast with the more broad
circumpolar distributions of many Antarctic foraminifera, in-
cluding some that are reported from Explorers Cove — e.g.,
Astrononion antarcticus, Cibicides antarcticus, Globocas-
sidulina biora, Pseudobolivina antarctica, Textularia ear-
landi, T. wiesneri (summarized in Gooday et al., 2014).
Broad distributions for some Antarctic benthic species are
also suggested by molecular surveys (Majewski et al., 2015).

Notodendrodids are well suited for addressing issues in
foraminiferal biogeography. The macroscopic, arborescent
test structure renders them amenable to visual assessments,
including direct observation by scuba divers (DeLaca et al.,
1980, 2002), and their distinctive morphology correlates well
with molecular identification based on ribosomal small sub-
unit sequence data (Pawlowski et al., 2002a, b). The molec-
ular screening approaches used here for detecting the pres-
ence of foraminiferal species in environmental DNA are now
well established (e.g., Habura et al., 2004a; Pawlowski et
al., 2011, 2012). In addition, secondary structural predictions
(Habura et al., 2004b) have helped to inform the development
of the group-specific molecular probes that were used in the
present study.

Our new results expand the known range of Notoden-
drodes hyalinosphaira and confirm the restricted occurrence
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of N. antarctikos to Explorers Cove and nearby Cape Bernac-
chi. To date, notodendrodids have not been found elsewhere
in Antarctic waters, or indeed anywhere globally, despite
their visual prominence and the extensive cataloging of ben-
thic foraminifera by protistologists and micropaleontologists
for almost 2 centuries, supplemented in more recent years by
molecular surveys. We also review and revise observations
on the Explorers Cove benthos as it pertains to the distribu-
tion of these distinctive Antarctic “tree forams”. Our aim is
to provide a roadmap for future investigations of the mod-
ern distribution of notodendrodid foraminifera, with particu-
lar emphasis on their occurrence in deeper areas of McMurdo
Sound that were presumably ice-free during the Last Glacial
Maximum.

2 Materials and methods

As opportunities arose during 2 decades of fieldwork (1998—
2016), various nearshore sites along western and eastern Mc-
Murdo Sound, as well as several deeper sites in the sound,
were sampled by us and others to examine the range of noto-
dendrodid foraminifera (Fig. 2). Shallow-water sampling in-
volved scuba diving as detailed in Pollock and Bowser (1995)
or the use of a small box corer deployed from the ice surface.
Deep-water sampling was conducted aboard the US Coast
Guard icebreaker Polar Star using a Soutar box corer. Sam-
pling site locations are given in Table 1.

Surface (top ~ 1 cm) sediment was sieved through a 1 mm
mesh, and residues were picked using a stereomicroscope.
For molecular analysis, either the unsieved sediment was
snap-frozen in liquid nitrogen and returned to the lab frozen,
or sieved residues were preserved in 95 % ethanol for further
processing.

2.1 DNA extraction from sediment and individual
organisms

Total DNA was extracted from 10 mL sediment samples as
previously described (Habura et al., 2004a). DNA equivalent
to the extract from 1.5 mL of sediment was further purified
for species-specific panels with the DNeasy kit (QIAGEN
Inc. Valencia, CA). DNA from 30 isolated cells of Notoden-
drodes hyalinosphaira was purified by a small-scale version
of the sediment preparation.

2.2 PCR and sequencing

Sediment extracts were diluted 1 : 50 to serve as PCR tem-
plates. Sediment samples used for species-specific panels
were adjusted so that each reaction contained template
representing the total yield from 30mm? of sediment.
Amplification of total foraminiferal SSU rDNA was per-
formed using the primers s14F3A, s14F1, s20R, and B as
described previously (Habura et al., 2004a). In addition,
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Table 1. Summary of sampling sites (in some cases named for a nearby geographic feature), sampling methods, and results. V: visual detec-
tion by scuba divers; HC: handheld cores taken by divers; BC: box-core surface sediment; SG: surface grab sampler; n.d.: not determined.

Notodendrodes hyalinosphaira ‘ Notodendrodes antarctikos

Sampling site Coordinates  Depth (m)  Sampling method Morph. Molec. ‘ Morph. Molec.
Eastern McMurdo Sound shallow sites
McMurdo Jetty —77.938, 166.664 <30 V,HC no no no no
Cape Evans —77.633, 166.403 <30 V,HC no no no no
Western McMurdo Sound shallow sites
Salmon Bay —77.928, 164.533 <30 V,HC no n.d. no n.d.
Cape Chocolate —77.936, 164.579 <30 V,HC no no no no
Herbertson Glacier —77.695, 163911 <30 V,HC no n.d. no n.d.
Double Curtain Glacier —77.660, 163.536 <30 V,HC yes no no no
Mount Barnes —77.607, 163.700 <30 BC n.d. no n.d. no
Explorers Cove General area sampled: <35 V,HC yes yes yes yes

—77.571 to —=77.576

163.505 to 163.527

Explorers Cove deep —77.569, 163.550 53 SG no n.d. no yes
Cape Bernacchi —77.529, 163.784 <30 V,HC yes no no no
Gneiss Point —77.393, 163.660 <30 V,HC yes no no no
Spike Cape —77.308, 163.581 <30 HC no no no no
Deep-water sites
Windless Bight* —77.835, 167.337 923 SG yes yes no n.d.
Polar Star 1 —77.653, 165.780 680 BC n.d. no n.d. no
Polar Star 2 —77.373, 166.189 890 BC n.d. yes n.d. no
Polar Star 3 —77.103, 166.152 911 BC n.d. no n.d. no
Polar Star 4 —77.250, 165.216 670 BC n.d. no n.d. no
Polar Star 5 —77.391, 164.614 175 BC n.d. yes n.d. no
ANDRILL T1-10 —77.647, 165.311 469 BC no no no no
ANDRILL T1-20 —77.656, 165.325 498 BC n.d. no n.d. no
ANDRILL T1-30 —77.664, 165.340 430 BC n.d. no n.d. no
ANDRILL T1-40 —77.672, 165.354 474 BC n.d. no n.d. no
ANDRILL T1-52 —77.682, 165.371 470 BC n.d. no n.d. no
ANDRILL T1-62 —77.691, 165.385 470 BC n.d. no n.d. no

* Windless Bight (WB) was analyzed in Pawlowski et al. (2005).

we designed primer sets specific for the genus Notoden-
drodes and for the individual species N. hyalinosphaira
and N. antarctikos using published sequences (AJ311213
and AJ311214) as well as several unpublished sequences
derived from isolated individuals. These primers exploit
a variable region in Domain III of the foraminiferal SSU,
which has been shown to be useful for distinguishing
between closely related foraminiferal species (Bowser et
al., 2006). Primer sequences for the genus-specific set
are  NotforrTATGGCWCGYAYGTGTTTTATRCTAATAC
and  Notrev:TGCATCAGCCMGCTAACACYAACAGG.
Sets for the individual species are  Noto-
hyall:GGTGTTTCGTTTTSATATGGTAT and  Noto-
hyalrev:GGCAAAAACCGAAAGCATAACACA as well
as  Notoantl:GGTGTTTCGTTTTGATGCAGTAC and
Notoantrev:GGCAAAACTGAAAGCGTAACATG.

PCR reactions were performed using ExTaq proofread-
ing Taq polymerase premix (TaKaRa Bio Inc., Madison,
WI) in a Techne Genius thermocycler (Techne Inc., Prince-
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ton, NJ). All samples were amplified with primers s14F3a
and sB with the following parameters: 1 cycle (94 °C 2 min,
48 °C 1 min, 70 °C 2 min); 35 cycles (94 °C 30's, 48 °C 1 min,
70 °C 2min); 1 cycle (94 °C 305, 48 °C 1 min, 70 °C 15 min).
For total foraminiferal DNA detection, 0.1 uL of the reac-
tion mixture was used as a template for amplification with
primers s14F1 and s20r (20 cycles, annealing temperature set
at 51 °C). For detection of notodendrodid forams, the primer
pair Notfor/Notrev was used, with annealing temperature set
at 55 °C. For specific detection of notodendrodid forams, the
primer pairs Notfor/Notrev, Notohyal 1/Notohyalrev, and No-
toantl/Notoantrev were used, with annealing temperature set
at 55 °C.

Products were cloned into the sequencing vector pPGEM®-
T Easy (Promega Corp., Madison, WI) and replicated in E.
coli strain JM109. Individual clones were purified using the
SpinPrep Mini Kit (QIAGEN) and sequenced in both di-
rections using primers M13 and M13 reverse with a PE-
Biosystems ABI PRISM 377XL automated DNA sequencer.
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Figure 2. Sampling sites. Map showing sampling locations within
McMurdo Sound, Antarctica. Typical boundaries of seasonal ice
(thin gray line) and the Ross Ice Shelf (dotted line) are indicated.

Sequences were compared with the BLAST utility (NCBI)
to known sequences in GenBank and manually aligned with
an existing 200-sequence alignment containing known se-
quences from notodendrodids and other foraminifera.

3 Results

3.1 Visual identification of notodendrodid species

Because the arborescent structures constructed by notoden-
drodids protrude a centimeter or more above the surface of
the seafloor, both species are readily visible to scuba divers.
The “trees” can be distinguished from each other macroscop-
ically (Fig. 1), as the arborescent form of N. antarctikos’ is
much more gracile than that of N. hyalinosphaira. In this
study, surveys of wide areas of the seafloor were accom-
plished by divers visually scanning the surface. This visual
assessment was confirmed by microscopic analysis of wet-
picked specimens recovered from the top 2 cm of sediment
cores. Neither species was found at depths where anchor ice
was present (e.g., 0—10 m at New Harbor; 0-22 m at the Her-
bertson Glacier dive site); N. antarctikos was encountered
deeper — from approximately 20 m to our maximum diving
depth (35 m).

In deep-water (> 50m) samples, the entire box-core sur-
face was visually assessed and then sieved, and the preserved
> 1 mm residues were examined using a stereomicroscope.
Our broad survey in McMurdo Sound revealed a very re-
stricted distribution of N. antarctikos, whereas its congener
N. hyalinosphaira was more widely distributed (Table 1).
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Figure 3. Foraminiferal DNA in Antarctic samples.
(a) Foraminiferal DNA is present in Antarctic samples. Shown are
SSU rDNA PCR amplimers using foraminifera-specific primers
from several sites in the Ross Sea, including Explorers Cove.
(b) Molecular foraminiferal assemblages at sites contain multiple
species. Amplification of an extract from the ANDRILL T1-20 site
with primers specific for individual foraminiferal groups shows
that members of several clades (allogromiids and multilocular
foraminifera) are present. “Clade F” allogromiids, which include
the notodendrodids as well as other Antarctic species such as
Rhabdammina cf. cornuta and Hemisphaerammina bradyi, are
detectable in this sample.

However, at certain sites there was no morphological evi-
dence for either species.

3.2 Identification of Notodendrodes DNA in sediment
samples

Total environmental DNA was extracted from sediment sam-
ples taken from several localities within McMurdo Sound
(see Table 1). All samples gave a positive signal when probed
with PCR primers specific for all foraminifera. A suite of
primers specific for foraminiferal groups (Habura, unpub-
lished) indicates that several different species are readily de-
tected in these samples (Fig. 3). This result is consistent
with previous environmental DNA analyses (e.g., Habura et
al., 2004a), which show that Antarctic sediments are rich in
foraminiferal DNA.

To identify notodendrodid DNA in these environmental
extracts, we designed three pairs of primers specific for
the SSU rDNA of notodendrodids. One pair is targeted
against both members of the genus (Notfor and Notrev),
and the other two are specific for N. hyalinosphaira alone
(Notohyall/Notohyalrev) and N. antarctikos alone (No-
toant1/Notoantrev). All three sets efficiently amplify SSU
rDNA from a purified cell template and do not cross-react
with DNA from other foraminifera (Fig. 4a).

The notodendrodid-specific primer sets identify members
of this genus in Explorers Cove and at two other sites within
the sound (Fig. 4b). Sequence analysis of the PCR products
from the Notfor/Notrev pair showed that amplimers match-
ing the sequences of both N. hyalinosphaira and N. antarc-
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Figure 4. Detection of notodendrodids with specific primers.
(a) Primers designed to be specific for notodendrodid SSU rDNA
yield product from a mixed sample of isolated N. hyalinosphiara
and N. antarctikos DNA (visible as a prominent band within the
center lanes of each set) but not from DNA from other allogromiid
foraminifera. Sequencing of products shows that Notfor/Notrev am-
plimers (left lanes) contain products from both species, and the No-
tohyal and Notoant pairs contain products from only the species
in question. (b) Notodendrodid DNA is detectable in some sam-
ples, especially those from Explorers Cove (079, 083, 084, 098),
but other samples do not respond to the primers. Top: Notfor/notrev.
Center: Notohyal1/Notohyalrev. Bottom: Notoantl/Notoantrev. (c)
“Boosting” of signal. The use of nested PCR with multiple
notodendrodid-specific primer sets results in improved detection
at some sites (e.g., 084), but other samples still do not contain
amplifiable DNA. Primer pairs: Notfor/Notrev followed by Noto-
hyal1/Notohyalrev. (d) Lack of detection is not due to PCR inhi-
bition. Left lanes: sediment samples (098, 148) and cell extracts
(noto) are amplified with the Notohyall/Notohyalrev pair. Right
lanes: dilution series of noto extract mixed with sediment sample
148. All reactions contain 1 uL of sediment extract; noto extract is
added at different concentrations (1 to 0.0001 pL). Amplification of
noto extract is not impaired by the presence of 148 extract.
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tikos were derived from samples taken within the cove. An-
other sample, taken from a deeper, slightly downslope site
(Explorers Cove deep, 53 m, Table 1) produced amplimers
identical in sequence to that of N. antarctikos. Finally, an
N. hyalinosphaira signal was detected at two deep-water
sites (Polar Star 2, Polar Star 5) near Ross Island. No am-
plimers corresponding to non-notodendrodid foraminiferal
SSU rDNA sequences were identified with any of the primer
sets, and no additional member of the genus was identified
in screens using the genus-specific primer set. None of the
Notodendrodes-specific primer sets amplified product in sed-
iment samples derived from low-latitude sites (e.g., Habura
et al., 2008) which are known to contain foraminiferal DNA
(data not shown).

Notodendrodes hyalinosphaira was identified morpho-
logically in some areas of the sound (Cape Bernacchi,
Gneiss Point, and Windless Bight), where environmental
DNA screens failed to detect their presence (this study and
Pawlowski et al., 2005). We therefore attempted to improve
detection efficiency using nested amplification with different
pairs of notodendrodid primers (Fig. 4c). While this method
improved detection in some Explorers Cove samples, it did
not detect N. hyalinosphaira DNA at sites such as Cape
Bernacchi.

PCR reactions can also be inhibited by the presence of
trace compounds or by overabundance of template. To de-
termine whether these factors influenced our ability to detect
notodendrodid DNA, we “spiked” purified sediment samples
with known amounts of N. hyalinosphaira DNA (Fig. 4d).
Even at spiking quantities equivalent to the extract from less
than a single cell, the primers efficiently detected the noto-
dendrodid DNA in the sample. Therefore, the lack of detec-
tion in these templates cannot be due to inhibition of ampli-
fication.

4 Discussion

4.1 General aspects of foraminiferal biogeography

Most adult foraminifera lie within the size range 100 um to
1 cm, which spans the transition between predominantly cos-
mopolitan (< 1 mm) and predominantly endemic (> 10 mm)
distributions of protists (Finlay and Fenchel, 2004). How-
ever, the reproductive propagules of foraminifera, which are
perhaps their main agents of dispersal, are <32um (Alve
and Goldstein, 2003, 2010) and therefore comparable in size
to microbial protists. We would, therefore, expect environ-
mental factors such as currents, food availability, and sedi-
ment characteristics to strongly influence their biogeographic
ranges — an expectation largely supported by our findings on
notodendrodids and the numerous surveys over the past cen-
tury (reviewed in Murray, 2000).
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Despite their potential to disperse broadly, some
foraminiferal species living in coastal and continental shelf
settings appear to have restricted distributions (Gooday and
Jorissen, 2012; Hayward et al., 2021; Hayward and Holz-
mann, 2023). For example, large agglutinated foraminifera
of the genera Jullienella and Schizammina (family Schizam-
minidae) are confined to particular regions of the shelf in dif-
ferent parts of the world (Ngrvang, 1961; Hayward and Gor-
don, 1984; Tendal and Cedhagen 2007; Langer et al., 2022).
Indeed, more than half (57 %) of the 2329 species recorded
by Culver and Buzas (1998) around North and Central Amer-
ica were endemic in the sense of being confined to one of five
regions (Caribbean, Gulf of Mexico, Atlantic, Arctic, and Pa-
cific) around this continent. When global distribution records
are considered, however, levels of endemism may be much
lower; for example, 4 % of the 987 foraminiferal species
known from the Gulf of Mexico have not been found else-
where in the world (Gupta and Smith, 2010). Foraminiferal
distributions are much wider in the deep sea and particularly
at abyssal depths (Gooday and Jorissen, 2012), a pattern that
extends to many other taxa and reflects the generally more
uniform environmental conditions and the presence of fewer
barriers to dispersal in the abyss (McClain and Hardy, 2010).

4.2 Distribution of notodendrodids

Based on both morphological and molecular detection meth-
ods, N. antarctikos is a very narrowly distributed species.
Morphological methods detected it only within Explorers
Cove, a relatively oligotrophic, silty, and hydrodynamically
low-energy embayment of New Harbor on the western Ross
Sea, and somewhat northward toward Cape Bernacchi. Its
molecular signature was also detected in the single deeper
sample in the cove, indicating that its range might extend
deeper; additional mapping of its bathymetric range seems
warranted.

We also sampled comparable nearshore settings along
western McMurdo Sound (Fig. 2 and Table 1) and were un-
able to identify the presence of N. antarctikos in these lo-
cales. In contrast, its congener N. hyalinosphaira was more
widely distributed but is still generally confined to south-
ern regions within the Ross Sea. We are not convinced that
N. cf. antarctikos of Violanti (1996) from 163-1010m at
Terra Nova Bay belongs to this species; the description and
corresponding photograph do not correspond to the known
morphology of either member of the genus. Apart from
this one dubious record, these distinctive species have not
been reported anywhere in the extensive literature on benthic
foraminifera from Antarctic continent surveys of the Wed-
dell Sea and the Antarctic peninsula (Cornelius and Goo-
day, 2004; Gooday et al., 2007). Superficially similar tree-
like foraminiferal species, such as Arborammina hilaryi and
Pelosina arborescens, are known from many other parts of
the world (Cedhagen, 1993; Shires et al., 1994) but are ge-
netically and anatomically distinct from Notodendrodes.

J. Micropalaeontology, 43, 337—-347, 2024

As mentioned above, few of the species of foraminifera
that live in coastal waters are truly cosmopolitan (Murray,
2006; Pawlowski and Holzmann, 2008). On the other hand,
species with highly restricted distributions appear to be very
unusual (Murray, 2013). Some large monothalamids in the
family Schizamminidae appear to be confined to the conti-
nental shelf in different parts of the world (Ngrvang, 1961;
Hayward and Gordon, 1984; Tendal and Cedhagen, 2007),
but their distributions still span considerably larger areas than
Explorers Cove. Based on available evidence, N. antarctikos
may be one of the most locality-restricted foraminifera, or
even protist, in the world.

4.3 Possible factors restricting the range of
Notodendrodes antarctikos

Murray (2006, p. 53) posed the following question: why is a
given species absent from one area or environment while it is
present in an adjacent area or environment? A comparison of
life habits of the two congeners may suggest some possibili-
ties or at least constrain them. A clear-cut explanation for the
apparently highly restricted range of N. antarctikos remains,
however, a subject for future studies.

4.3.1 Trophic considerations

Food availability and trophic mechanisms are fundamental
aspects of species survivorship. Both notodendrodids con-
struct arborescent test appendages that project into the water
column. In N. antarctikos, the arborescent structure is oblig-
atory, whereas in N. hyalinosphaira it is expressed in only a
few individuals (DeLaca et al., 2002). Notodendrodid pseu-
dopodial networks are deployed from the surfaces of these ar-
borescent structures (Suhr et al., 2008), enabling them to cap-
ture suspended food (particulate organic matter, microbes,
etc.) through particle interception (Vogel, 1994). They can
also capture and subsequently rend (see Bowser, 1985) small
metazoans (Suhr et al., 2008). The agglutinated root-like an-
choring structures have also been implicated in osmotrophic
uptake of nutrients from sediment pore waters (DeLaca et al.,
1981; DeLaca, 1982). Both notodendrodids are therefore ca-
pable of exploiting a wide range of trophic resources and can
potentially switch between feeding strategies on a seasonal
basis (Suhr et al., 2008). Moreover, Altenbach et al. (1999)
showed that, although many species of foraminifera are most
common where organic matter fluxes (food supply) are op-
timal, they also occur at lower abundances across a much
wider range of flux values. It seems unlikely, therefore, that
food availability is a major factor limiting the range of N.
antarctikos.

4.3.2 Mechanical disturbance

Disturbances caused by hydrodynamic (currents) and bio-
logical (bioturbation by megafauna and macrofauna) activ-
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ity could potentially limit the distribution of N. antarctikos
to Explorers Cove and its immediate vicinity. As mentioned
above (Sect. 4.3.1), the “tree” in N. antarctikos is an oblig-
atory portion of the agglutinated test and is firmly cemented
to the bulbous quartz sphere (DeLaca et al., 1980), whereas
in N. hyalinosphaira it is found in relatively few specimens,
where it is loosely attached to the bulbous sphere by a thin,
loosely agglutinated umbilicus (DeLaca et al., 2002). Com-
pared to elsewhere in the McMurdo Sound, Explorers Cove
is distinguished by the absence of strong currents and the
low abundance of predatory macrofauna (for descriptions of
Explorers Cove see, e.g., Dayton and Oliver, 1990; DeLaca,
1982; Gooday et al., 1996; Miller et al., 2015), so mechanical
disturbance is likely to be a minor problem. The movements
of the two primary bioturbators (the bivalve Adamussium col-
becki and ophiuroid Ophionotus victoriae) disturb the sur-
face sediments and probably play an important role in resus-
pending surface particulates (e.g., McClintock et al., 2010;
Broach et al., 2016), although they seem unlikely to break or
damage tests. Outside the cove, however, where there is more
current activity and larger deposit feeders like holothurians
are more abundant (Dayton and Oliver, 1980), relatively del-
icate structures such as notodendrodid “trees” may be more
exposed to mechanical damage and predation.

Preliminary studies of test reconstruction following mi-
crosurgical removal of the agglutinated test (“shucking” —
see Bowser et al., 1995b) found that, unlike positive con-
trols (Astrammina rara, Astrammina triangularis), notoden-
drodids died shortly after the shell was removed from the
cell body (unpublished observations). Structurally, the cell
bodies of the two Astrammina species are encased by thick,
multi-laminated, fibrous thecas that permit shucking with-
out damage (Bowser et al., 1995a, 2002). In contrast, the
cell bodies of notodendrodids are covered by a thin, felt-
like layer that is very easy to rupture when micromanipu-
lated using polished needles (Bowser et al., 1995b, and un-
published observations). Notodendrodids are therefore more
likely to suffer mechanical damage and subsequent mortal-
ity than astramminids, particularly since they have a rather
large (centimeter-scale) cross-sectional area exposed above
the sediment-water interface. We anticipate that N. antarc-
tikos is likely to be prone to damage and/or death because the
arborescent extension would probably yield when subjected
to mechanical or hydrodynamic forces. The portion of the
test that surrounds the cell body (i.e., the basal sphere) of N.
antarctikos is firmly cemented to the arborescent structure;
indeed, intact specimens can be pulled out of the sediment
using tweezers. Outside the low-energy environs of Explor-
ers Cove, higher currents might therefore uproot N. antarc-
tikos and displace it to less favorable habitats. By contrast,
the flimsier arborescent structure of N. hyalinosphaira be-
haves as an “anchored buoy” under stress, as observed di-
rectly by divers (SSB, SPA) during in situ manipulations.
Breakage of the umbilicus would only sever pseudopodia
from the cell body. Based on microsurgical studies in other
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foraminifera (e.g., Travis et al., 2002), this would be unlikely
to result in death. Unlike that of N. antarctikos, the agglu-
tinated sphere in which most of the cell body of N. hyali-
nosphaira resides would remain in the sediment and be rela-
tively safe from displacement.

4.4 Differences between morphological and molecular
detection methods

Why did morphological and molecular detection methods
sometimes give different results in this survey? We believe
that each of the methods can fail under different circum-
stances. It has been demonstrated (Habura et al., 2004a,
2008) that foraminiferal DNA from a given species can
be detected in samples in which morphologically identi-
fiable specimens of that species are absent. This can be
caused by several factors, including the presence of “propag-
ule” stages (Alve and Goldstein 2003, 2009), which are
most likely the primary dispersal method for many benthic
foraminifera. In cases where propagules or morphologically
ambiguous juveniles dominate the assemblage (e.g., “the
bewildering assortment of ...spherical and domed aggluti-
nated [foraminifera]”, Gooday et al., 1996, p. 134), molec-
ular detection may be more useful, especially in light of
newer molecular methodologies, such as single-cell tran-
scriptomics.

Conversely, species present in relatively low abundance
or with patchy distributions can easily be missed in molec-
ular surveys, particularly given the small volumes of sed-
iment analyzed for foraminiferal DNA. The species- and
genus-specific strategy we employ here should have reduced
“swamping” by DNA from more common foraminiferal
species. However, it is still possible that, below a certain
threshold, DNA from a given species simply cannot be de-
tected by this method. The notodendrodids may be among
the “long tail” of protistan taxa according to numeric criteria
(for a discussion, see Pedrds-Alid, 2006) but still be mor-
phologically conspicuous, much like whales or lions might
be in their environments. In such circumstances, morpho-
logical detection of adults may be much more efficient than
molecular detection, much like the visual sighting of whales
would be more effective than molecular analysis of seawa-
ter. In this context, underwater cameras equipped with long-
focal-length macro-optics, deployed either on a fixed station
(e.g., Hancock et al., 2015) or aboard remotely operated ve-
hicles (e.g., Daly et al., 2013; Burns et al., 2024), would be
useful tools for broader surveys of notodendrodid waters be-
yond non-decompression diving depths, particularly in the
53 to < 175 m range absent from our study.

5 Concluding remarks

Many Antarctic foraminiferal morphospecies have a circum-
polar distribution. Our evidence suggests that notodendrodid
monothalamids appear to be exceptions to this general pat-
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tern in being restricted to the McMurdo Sound region of
the Ross Sea. Notodendrodes antarctikos, in particular, is
currently known only in Explorers Cove and nearby Cape
Bernacchi in western McMurdo Sound. The habitat it occu-
pies must be of recent origin since a grounded ice sheet ex-
tended nearly to the edge of the continental shelf during the
Last Glacial Maximum (Conway et al., 1999; Prothro et al.,
2020), leaving little or no shallow-water habitat in the Ross
Sea during this period. This raises interesting questions re-
garding the origin of this population. It seems unlikely that N.
antarktikos could have evolved in situ during the last 12 000
years. The only plausible scenarios would seem to be that
it migrated from somewhere else, in which case it may not
be as narrowly endemic as it currently appears, or an ice-
free refugia existed under the ice sheet in McMurdo Sound.
In this context, surveys of foraminifera inhabiting specific
deeper sites, such as the JOIDES and Pennell troughs, will
be instructive (Prothro et al., 2020).

Assuming that N. antarctikos really is restricted to Explor-
ers Cove, then it seems to meet all the criteria for threatened
or endangered status. The policy implications of this would
be of considerable interest, especially since other examples
of protists with severely restricted ranges have also been de-
scribed (e.g., Foissner, 2006). Buzas and Culver (1998) iden-
tify a total of 537 foraminiferal species that occur at only
one locality around North and Central America (231 in the
Caribbean alone), suggesting that N. antarctikos is not the
only endangered foraminifera. We predict that there may be
hundreds or thousands of protist species that are under cur-
rent threat of extinction (see Staley, 1997).
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and Figs. 3 and 4.
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