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A B S T R A C T

The perennially sea-ice covered Central Arctic Ocean (CAO) hosts a single planktonic foraminifera species, 
Neogloboquadrina pachyderma, a polar specialist that predominantly exhibits sinistral-coiling. Widely used as a 
palaeoceanographic proxy for polar conditions, it displays a range of morphologies, including an uncommon 
dextral form which resembles its subpolar relative, Neogloboquadrina incompta. The biological significance of 
dextral coiling in N. pachyderma remains unclear, complicating climate reconstructions and interpretations of its 
reproduction in the CAO. While culture studies link coiling direction to a biphasic life cycle involving an asexual 
stage producing both coiling types, supporting field data are lacking. This study analysed N. pachyderma collected 
from eight plankton net and four box core stations in the CAO beneath permanent sea ice. Morphometric and 
genetic analyses identified six N. pachyderma morphotypes concentrated in the upper 100 m, dominated by 
relatively small specimens (80–125 μm). Unusually high proportions of dextral coilers (up to 32 %) were 
observed in the water column, compared to ~6 % in the underlying sediment. Proloculus (first chamber) size- 
analysis and Gaussian Mixture Modelling revealed three proloculus-size means in the water column, suggest
ing the presence of an asexual clonal schizont generation alongside the typical sexual-asexual cycle. These ob
servations provide the first in situ evidence of schizont reproduction in natural N. pachyderma populations, a 
strategy that may facilitate rapid population growth and adaptability in the CAO. These results clarify the 
biological significance of coiling direction in N. pachyderma’s life cycle, and reduce the risk of misidentifying 
N. incompta in Arctic palaeoclimatic studies.

1. Introduction

The Central Arctic Ocean (CAO) represents one of the most extreme 
environments on Earth, for a large part characterised by permanent sea 
ice cover, limited energy availability, and highly seasonal pelagic pri
mary production. Despite these challenges, it supports a functioning 
pelagic ecosystem including a single species of planktonic foraminifera: 
Neogloboquadrina pachyderma genetic Type 1a (Morard et al., 2024). 
This species has adapted remarkably to thrive even under thick sea ice 
and sea surface temperatures as low as − 1.5 ◦C in the CAO (Vermassen 
et al., 2025). Significantly, it produces a large proportion of total 

sedimented biogenic carbonate in the Arctic (Huber et al., 2000; 
Anglada-Ortiz et al., 2021; Vermassen et al., 2025). Neogloboquadrina 
pachyderma is well known to palaeoceanographers through its long use 
in late Pleistocene climate studies. A defining morphological feature of 
the species is its strong preference for sinistral coiling (Darling et al., 
2006). Historically, coiling direction was believed to be a phenotypically 
flexible feature under environmental control, with N. pachyderma’s 
coiling direction reversing (i.e. from sinistral to dextral) due to changes 
in water temperature over glacial-interglacial cycles (e.g. Ericson, 1959; 
Bandy, 1960; Thompson and Shackleton, 1980). Subsequent genetic 
studies have overturned this paradigm, revealing that preserved coiling 
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shifts represent northward migrations/contractions of a genetically 
distinct dextral-coiling species, as it tracked its preferred habitat under 
changing climate states (Darling et al., 2006). The name N. pachyderma 
is now reserved for the sinistral forms typical of polar to subpolar con
ditions, while the dextral-coiling morphotype (formerly N. pachyderma 
[Type I (dex.)]) is assigned to N. incompta, which is limited to subpolar/ 
transitional latitudes (Darling et al., 2006, 2023). Although coiling di
rection is strongly biased in both species—N. pachyderma is predomi
nantly sinistral and N. incompta dextral—this coiling preference is not 
fixed. Genetic studies reveal that each species exhibits a low proportion 
(<3 %) of aberrantly coiled individuals, with even a small percentage 
(1–3 %) of dextral coiling N. pachyderma found in polar planktonic as
semblages (e.g. Pflaumann et al., 1996; Bauch et al., 2003; Darling et al., 
2004; Darling et al., 2023).

Recent plankton surveys confirm that N. pachyderma remains the 
only planktonic foraminiferal species inhabiting the polar ocean beneath 
the perennial sea ice of the Central Arctic: in summer 2021, it comprised 
100 % of water column populations, with the exception of single site 
within the ice pack located near the sea-ice edge on the Yermak Plateau 
(Station SO21–58-16), where a very limited number of Turborotalita 
quinqueloba specimens were found (Vermassen et al., 2025). Neo
globoquadrina pachyderma has a pronounced morphological variability 
(e.g. Vilks, 1973, 1975), with five sinistrally coiling morphotypes (Nps-1 
through Nps-5) recognised based on wall texture, coiling, chamber 
shape and chamber number (Eynaud et al., 2009; Eynaud, 2011; El Bani 
Altuna et al., 2018). A dextral coiling morphotype, which genetic ana
lyses confirm to be aberrant coiling N. pachyderma (Bauch et al., 2003; 
Darling et al., 2006), is also routinely present in N. pachyderma pop
ulations in low numbers. In this study, the dextral coiling form is 
referred to as ‘Npd’. To date, the aberrant coilers have been found to 
represent a predictable ca. 3 % of populations (Pflaumann et al., 1996; 
Bauch et al., 2003; Darling et al., 2023). According to this current 
paradigm, any proportion of dextral coilers above this threshold should 
be interpreted as evidence of an incursion of N. incompta and by infer
ence, evidence of climatic and oceanic warming (Bauch et al., 2003; 
Darling et al., 2006). However, it is unknown how robust this 3 % 
threshold is in the under sampled Central Arctic Ocean.

The biological significance of N. pachyderma morphotypes remains 
poorly understood (El Bani Altuna et al., 2018; Prabhakar et al., 2024). 
Culture and morphology studies hypothesise that Nps-5 (a lightly 
calcified 4 to 5-chambered form) and the dextral coilers may represent 
stages in a multi-generational life cycle that includes agamonts (diploid) 
produced by sexual reproduction and immature gamonts (haploid) 
produced through asexual reproduction (Davis et al., 2020; Darling 
et al., 2023; Meilland et al., 2022, 2024). An additional facultative third 
generation, where successive asexual generations (diploid schizonts) are 
cloned by the agamont, has been observed in N. pachyderma cultures 
(Meilland et al., 2024). However, supporting field evidence is missing. 
Insights from benthic foraminifera, more readily studied in their natural 
environments, offer important clues about reproductive strategies. 
Benthic foraminifera are known to have complex life cycles that often 
include two distinct reproductive forms or morphotypes within the same 
species (e.g. Dettmering et al., 1998; Goldstein, 2002). Such dimorphs 
are typically linked to sexual and asexual stages and may be distin
guished by differences in test and proloculus size (i.e. first chamber that 
forms around a haploid or diploid embryo) (Darling et al., 2023).

While planktonic foraminifera were long assumed to reproduce only 
sexually (Hemleben et al., 1989), recent culture studies have revealed 
that some non-spinose planktonic foraminifera species, such as 
N. pachyderma and Globigerinita uvula, are also capable of asexual 
reproduction (Davis et al., 2020; Takagi et al., 2020; Meilland et al., 
2022, 2024;), thereby challenging earlier assumptions. Asexual repro
duction, however, currently remains unknown in the majority of other 
planktonic foraminifera species. In addition, patterns of low-level (<3 
%) aberrant coiling similar to those observed in N. pachyderma are 
documented in other non-spinose macroperforate species (Brummer 

et al., 1987). Moreover, culture reproductive events are inevitably 
opportunistic (Davis et al., 2020; Meilland et al., 2022, 2024) and 
cannot fully emulate the natural populations of the water column. The 
different reproductive modes and their proportionality in a natural 
water column population sample have never been observed in the wild. 
Since no universal rules appear to link specific proloculus sizes (e.g. 
small or large) with a specific sexual or asexual stage (Darling et al., 
2023), each species must be assessed on its own. Given that modern 
planktonic foraminifera evolved from various benthic ancestors (i.e. 
they are polyphyletic; Morard et al., 2024), we must remain open to new 
life cycle models based on emerging data.

Here, we present the first ‘wild’ in situ evidence exploring the link 
between test morphology, coiling direction and asexual reproduction in 
N. pachyderma. Measurements were made on a dataset of ca. 15,000 
specimens collected from water-column and sediment assemblages 
across eight plankton-net and four box core stations in the Central Arctic 
Ocean during summer 2021 (Fig. 1). Genotyping was conducted to 
verify if N. pachyderma Type 1a was the only genotype present in the 
assemblages sampled. Using a combination of both automated and 
manual imaging combined with morphometric approaches, we recorded 
coiling direction together with measurements of test size, shape, and 
proloculus size to address the following hypotheses and questions: Are 
the six N. pachyderma morphotypes, found previously in sediments, 
present in Arctic water column populations? If so, what does their ver
tical distribution tell us about their ecological or ontogenetic signifi
cance? Is the 3 % maximum aberrant coiling threshold maintained in 
Central Arctic plankton populations? Does the multi-stage life cycle 
associated with differences in proloculus size include the presence of a 
schizont generation? As the Central Arctic Ocean hosts only 
N. pachyderma Type 1a, it is uniquely suited to answering these ques
tions. With no other species to complicate the picture (Darling et al., 
2023; Morard et al., 2024), the CAO is in effect a natural N. pachyderma 
laboratory. Unravelling the ecological traits of N. pachyderma, including 
the strategic role of asexual reproduction in its life cycle, is vital for 
understanding the success and resilience of this unique polar species.

2. Methods

2.1. Planktonic foraminifera sampling

The Synoptic Arctic Survey expedition with I/B Oden (SAS-Oden21) 
was carried out from August 2nd to September 11th 2021 (Snoeijs-Lei
jonmalm and the SAS-Oden Scientific Party, 2022) (Fig. 1; Supplemen
tary Table 1). Plankton samples were obtained from eight stations 
(hereafter referenced by their corresponding station numbers in Fig. 1) 
using a multiple open-closing (lever-operated) plankton sampler net 
(multinet; Multi Plankton Sampler MultiNet® Type Midi by Hydro-Bios) 
with a mesh size of 55 μm. Five samples per cast were collected from five 
depth intervals: 0–50 m, 50–100 m, 100–200 m, 200–500 m and 
500–1000 m. The upwards towing speed was 0.5 m/s. After deployment, 
the multinet was sprayed down with seawater to concentrate remaining 
plankton material into the collection cups. The depth-specific plankton 
samples were poured into storage containers with additional filtered 
seawater (0.2 μm) from the same location and depth in preparation for 
examination. Samples were processed immediately after they were 
collected, starting with the shallowest net since this contained the most 
material. All picking was carried out in a cold lab at ambient tempera
ture (~2–8 ◦C). Aliquots from the main storage container were pipetted 
onto a shallow glass dish from the plankton concentrates in the collec
tion cups and examined shipboard under a Zeiss Stemi 508 light mi
croscope using reflected (incident) light from above and on a black 
background. Planktonic foraminifera were identified among the other 
zoo- and phytoplankton.

For genotyping, 30–60 specimens were collected from Stations 1, 2, 4 
and 8. Using a fine brush (size 3/0), specimens were cleaned in 0.2 μm 
filtered seawater taken from the same location and depth. Specimens 
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were then momentarily placed on a micropaleontological slide to 
remove the seawater before being transferred individually into a 0.5 mL 
screwcap microfuge tube containing 100 μL of RNALater® (Ambion™). 
Samples were stored at ambient temperature for four hours before 
freezing at − 20 ◦C. The remaining individuals were then picked onto 
microfossil slides using a fine brush. Samples that could not be picked 
shipboard due to time limitations were preserved in an ethanol solution 
and picked post cruise (December 2021 – May 2022) at the Department 
of Geological Sciences, Stockholm University. Planktonic foraminifera 
were then placed on microscope slides in their umbilical position, 
identified to species and morphotype level, and counted to record the 
abundance of planktonic foraminifera per depth-ordered net sample. 
Station information can be found in Supplementary Table 1.

Box coring (50x50x60 cm) was done at six stations (Fig. 1) during the 
SAS expedition, corresponding to the multinet stations (Snoeijs-Lei
jonmalm and the SAS-Oden Scientific Party, 2022). Core top sediment 
samples were taken from the upper 0–1 cm of each box core. Sediment 
samples were washed over a >63 μm sieve and oven dried at ca. 50 ◦C 
overnight. The number of planktonic foraminifera per sample in the 
>63 μm fraction was recorded by making counts on split samples from 
the dried >63 μm fraction. The samples were split using a microsplitter 
to produce subsamples containing approximately 300 specimens. These 

subsamples were then examined under the light microscope, where all 
specimens were identified and counted. These counts were based on the 
standard method of identifying about 300 individual per sample, 
providing a representative estimate of the assemblage composition. For 
the box core stations 1, 3, 5, and 6, all sedimented planktonic forami
nifera were picked from the split and placed on micropaleontological 
slides for imaging and morphometric analysis.

Our sampling in the perennially sea-ice-covered Central Arctic Ocean 
focused on a region of the ocean where we were confident that only a 
single genotype of our target species N. pachyderma Type Ia resides 
(Darling et al., 2023). This was further confirmed using targeted geno
typing (see Section 2.5).

2.2. Neogloboquadrina pachyderma morphotypes

Planktonic foraminifera were identified to species level by tradi
tional human-based microscope observations, following the taxonomic 
framework of Schiebel et al. (2017), with N. pachyderma morphotype- 
level definitions of Eynaud et al. (2009), Eynaud (2011), and El Bani 
Altuna et al. (2018). Minor elaborations of the N. pachyderma morpho
type concepts made in this study are included in Table 1. Aside from a 
few specimens of Turborotalita quinqueloba at Station 88, all specimens 

Fig. 1. Bathymetric map of the Arctic Ocean (Jakobsson et al., 2020) showing the SAS ODEN 2021 Expedition sampling stations relevant to this study. Multinet 
stations are indicated by a red circle, box core stations with a yellow triangle. Paired plankton-sediment stations are indicated by bold type. Sample stations are 
numbered according to the order of sampling between 19/08/2021 and date 11/09/2021 (Supplementary Table 1), the ship track direction is indicated with the 
black line. The sea ice extent minimum is indicated with the white line (September 10th 2021) (data US NIC). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Table 1 
Morphological descriptions and drawings of the six N. pachyderma morphotypes, derived from 
water column and sediment specimens. Classification follows Eynaud et al. (2009), Eynaud (2011)
and El Bani Altuna et al. (2018). Morphometric data sourced from Supplementary Tables 7 and 8.
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were identified as N. pachyderma, both in the net and sediment samples. 
All five sinistrally coiled morphotypes (Nps-1 through Nps-5) were 
recognised, as well as the dextrally aberrant coiling morphotype Npd. 
We note that the Nps-5 morphotype concept used in this study comprises 
small to large, relatively smooth-walled (optically reflective), thin- 
shelled specimens, whereas Nps-1 through Nps-4 have rugose, thick
ened tests. Morphological variability was also observed within the 
dextral Npd morphotype category. They exhibited a similar scale of 
variability represented by the Nps-1 to Nps-5 categorisation (Plate 1, 
Figs. 15–19 and Plate 2, Figs. 16–20), but were all grouped under the 
single Npd category in this study.

Scanning electron microscope (SEM) imaging was carried out on a 
subset (ca. 400 specimens) of well-preserved specimens to document the 
morphotypes and taxonomic concepts. Imaging was carried out using a 
JSM-7000 F SEM, housed at the Department of Materials and Environ
mental Chemistry, Stockholm University (accelerating voltage = 10 kV, 
working distance = 10 mm). Specimens were mounted on sticky carbon 
disks and gold coated (5 nm thick) before analysis (2 × 60 s, applied 
current of 20 mA).

2.3. High throughput imaging and morphometric analyses

For morphometric analysis, an automated imaging and measurement 
approach was used. All plankton tow (n = 15,733) and sediment (n =
1908) specimens were manually placed in the umbilical position to 
ensure consistent identification of dextral and sinistral morphologies. 
Specimens were grouped into the following categories on separate mi
croscope slides: Nps-1 through Nps-5 and Npd (Plates 1, 2; Table 1). All 
specimens were imaged at 200× using a Keyence VHX-7000 digital 
microscope fitted with an automatic XYZ stage, producing focus-stacked 
full slide images. Individuals were segmented from the collected images 
using the ‘segment’ module of AutoMorph, a computational tool 
designed to quantify and analyse shape variation in biological and fossil 
specimens (Hsiang et al., 2018). This approach automatically separates 
objects from their imaged background using traditional image process
ing methods. Threshold values ranged from 0.38 to 0.45 and size ranged 
from 15 to 500 μm depending on specific image characteristics. Optimal 
parameter values were chosen to maximise the number of individuals 
correctly segmented. Pixel size varied between 0.735 and 2.884 μm/ 
pixel and was used to scale the x- and y-axes based on output from the 
Keyence VHX-7000 microscope. After the optimal parameter values 
were identified via manual testing, the images were processed under 
‘Final’ mode in AutoMorph using the batch-processing mode to obtain 
individual cropped images of each specimen. A total of 14,989 water 
column and 11,882 sediment specimens were segmented (Tables S2-S4). 
Incorrectly identified non-foraminifera material, e.g. images of the slide 
background texture, were removed manually in post-processing. An 
example of the workflow is shown in Fig. S1.

All specimen images were grouped into their appropriate sample 
station and water column/sediment depth interval and processed using 
the ‘run2dmorph’ module of AutoMorph. This module detects the out
lines of individuals and then automatically extracts morphometric 
measurements such as major/minor axis length, perimeter length, area, 
etc. Default values were used for all input parameters to ‘run2dmorph’, 
except for disk size opening and contrast adjustment. Disk size opening 
values were set to 25 and contrast adjustment values varied between 2 
and 3.

From the water column, 14,989 individuals were segmented using 
AutoMorph, of which 14,730 were successfully measured. In the sedi
ment samples, 1882 individuals were segmented, with 1791 successfully 
measured. Imperfect outlines (i.e., those that did not fully capture the 
individual or included background noise (Supplementary Fig. 3), were 
manually removed during post-processing. This resulted in final 
morphometric data for 12,896 water column and 11,713 sediment 
specimens. The area, major and minor axis, and XY ratio were used to 
quantitatively characterise each morphotype (Supplementary Fig. 2). 

Major axis length (Supplementary Table 5) was used to separate the 
morphotypes into size classes, whereas the area vs XY ratio was used to 
characterise the morphotypes (Supplementary Table 8).

The vertical distribution pattern of each morphotype per station is 
expressed as the proportion of raw standing stock counts (Supplemen
tary Tables 2–4). These proportions are based on the dataset before 
morphometric cleaning (i.e., 14,370 water column and 11,791 sediment 
specimens), as approximately 14 % of the water column specimens were 
discarded during data cleaning for morphometric analysis due to e.g. 
irregular outlines. This study mainly focuses on the relative abundance 
of morphotypes, and therefore, the normalised data on the vertical 
distribution were not utilised. The normalised abundances on the ver
tical distribution of planktonic foraminifera from the SAS-Oden 2021 
expedition can be found in Vermassen et al. (2025).

Previous studies have shown that test size within a species corre
sponds to growth and ontogenetic stage (Brummer et al., 1987; Duan 
et al., 2021). All morphotypes were classified into three size classes to 
distinguish life stages based on culture and sediment observations of 
N. pachyderma: juveniles (<80 μm; Davis et al., 2020), neanic (80-125 
μm, >80 mu; Davis et al., 2020), and mature (>125 μm; El Bani Altuna 
et al., 2018) (Supplementary Fig. 4). The >125 μm and > 150 μm size 
fractions are frequently used in palaeoceanographic studies. Use of the 
>125 μm size fraction also allows comparison to the results of El Bani 
Altuna et al. (2018) from Canadian Arctic Archipelago core tops. The 
>150 μm size fraction (large mature) was specifically included for 
comparison with the results of Prabhakar et al. (2024), who focused on 
this larger size fraction in their sediment studies from Siberian and 
Central Arctic core tops (Tables S9, S10). Morphotypes Nps-5 and Npd 
were further classified by water column depth interval and size class to 
assess the depth-related habitat distribution in relation to size (Supple
mentary Tables 11 and 12).

2.4. Testing for dimorphism: proloculus size and Gaussian mixture 
modelling

To gain insights into the potential multiple life stages, we measured 
the proloculus size on 231 randomly picked translucent sinistral and 
dextral N. pachyderma (ca. 14 % of the assemblage) from Station 4 (0–50 
m water depth plankton net), where one of the highest abundances of 
Npd was observed Supplementary Tables 5 and 6). The proloculus is 
only visible in SEM images in these small, thin-walled juvenile speci
mens; in more mature specimens with heavily calcified tests, the pro
loculus is obscured by adult whorls and successive calcite layers. SEM 
imaging was performed on the spiral side of each specimen and the 
external proloculus size was measured manually using ImageJ 
(Schneider et al., 2012).

To explore the distribution of proloculus size (Supplementary 
Table 13) in the dataset, Gaussian Mixture Models (GMMs) were used 
employing Expectation Maximization (EM) algorithms to investigate the 
possible underlying univariate normal distributions that give rise to the 
observed data patterns. GMMs allow us to model complex multimodal 
distributions as a mixture of individual Gaussian distributions, whereby 
each Gaussian distribution represents a cluster in the underlying data 
with associated interpretable parameters. The analyses were carried out 
using RStudio v.2023.06.0 + 421 (RStudio Team, 2020) and run sepa
rately on the sinistral and dextral datasets. Model-based GMM clustering 
was run using the R package Rmixmod v.2.1.10 (Lebret et al., 2015), 
which previous work suggests estimates mixture parameters with 
smaller bias than other implementations of the EM algorithm in R 
(Chassagnol et al., 2023).

The mixmodCluster function in Rmixmod was used to fit GMMs to our 
data. To determine the best-fit number of components (i.e. Gaussian 
distributions that comprise each finite mixture) for each dataset, we 
conducted model testing using a range of 1 to 5 components to explore 
whether the data distribution is best explained by a single homogenous 
cluster or by multiple independent clusters. The latter would be 
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Plate 1. Water column N. pachyderma morphotypes. 1–3 Nps-1 (1, 2: SO21–58-16, 50–100 m; 3: SO21–58-16, 100–200 m), 4–6 Nps-2 (4: SO21–58-16, 100–200 m; 
5, 6: SO21–53–4, 500–975 m), 7–9 Nps-3 (7: SO21–58-16, 100–200 m; 8: SO21–42-5, 50–100 m; 9: SO21–53–4, 500–975 m), 10–11 Nps-4 (10: SO21–50-12, 0–50 m; 
11: SO21–42-5, 50–100 m), 12–14 Nps-5 (SO21–50-12, 0–50 m), 15–19 Npd (15–17: SO21–48-5, 100–200 m; 18: SO21–53–4, 500–975 m; 19: SO21–58-16, 
100–200 m). All scalebars are 100 μm, unless otherwise indicated. Figs. 3, 5, 7, 10, 12 and 13 are re-imaged from Vermassen et al., 2025.
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Plate 2. Surface sediment N. pachyderma morphotypes. 1–3 Nps-1 (1: 38-Bx-12, 0–1 cm; 2, 3: 48-Bx-6, 0–1 cm), 4–6 Nps-2 (4: 50-Bx-15, 0–1 cm; 5: 38-Bx-12, 0–1 cm; 
6: 48-Bx-6, 0–1 cm), 7–9 Nps-3 (7–9: 48-Bx-6, 0–1 cm), 10–12 Nps-4 (10: 48-Bx-6, 0–1 cm; 11–12: 38-Bx-12, 0–1 cm), 13–15 Nps-5 (13, 14: 50-Bx-15, 0–1 cm; 15: 48- 
Bx-6, 0–1 cm), 16–20 Npd (16, 18, 20: 38-Bx-12, 0–1 cm; 17, 19: 48-Bx-6, 0–1 cm). All scalebars are 100 μm, unless otherwise indicated.
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expected if varying reproductive strategies resulted in distinct pop
ulations with discriminable morphological characteristics. All available 
criteria for model selection were applied (i.e., Bayesian information 
criterion [BIC], integrated classification likelihood [ICL], and normal
ised entropy criterion [NEC]). All other parameters were set to default 
values (algorithm = EM, number of iterations = 200, epsilon = 0.001). 
Because the model fitting process is stochastic, we ran 50 replicates of 
each model testing analysis. Inspection of the results shows that all 
successful analyses converged upon the same optimal number of clusters 
and likelihood values (within an absolute difference of 1.0 × 10− 4). 
Some replicates failed due to numerical errors that arise from incom
patible starting values; in this case, four of the replicates for the dextral 
dataset analyses failed. The component parameters (means [μ], standard 
deviations [σ]), and weights [λ]) were then averaged over all iterations.

2.5. Genotyping of individual N. pachyderma

For genotyping, a total of 40 cloned sequences (Supplementary 
Table 14) were obtained from specimens (n = 18) collected at Stations 2 
and 8, which represents the broadest distance across the cruise track. 
Station 2 represents an area of high relative abundance of dextral coiling 
in the N. pachyderma population under the perennial sea ice (Fig. 3). 
Station 8 represents a region that has only a marginally elevated per
centage of dextral coiling specimens compared to the recognised 3 %, 
but also has a broader diversity of foraminiferal species present, since 
T. quinqueloba was morphologically identified at this site. Individual 
samples from additional stations where there was a high percentage of 
dextral coiling, (5, 6 and 7) could not be picked due to the rapid suc
cession of net deployments. These samples were instead immediately 
preserved in EtOH for onshore picking.

DNA extractions were carried out on samples stored in RNALater® 
post cruise at the University of Stirling. First, cells were washed in sterile 
salt-adjusted phosphate buffered saline (PBS with 24.62 g/L NaCl 
added) to remove the RNALater® and transferred to 40 μL DOC buffer 
for DNA extraction (Holzmann and Pawlowski, 1996). PCR amplifica
tions were then carried out according to Bird et al. (Bird et al., 2024, in 
review). Cloning was carried out directly with PCR products using the 
TOPO-TA cloning kit according to the manufacturer’s protocol (Invi
trogen). Sequencing was performed using a BigDye Terminator v3.1 
Cycle Sequencing kit (Applied Biosystems), and sequencing reactions 
were sent to Source Bioscience (Cambridge, UK) for Sanger sequencing.

3. Results

3.1. Neogloboquadrina pachyderma morphotype distribution in the CAO

Our datasets document distributions of morphotypes in the water 
column and identify significant differences between the netted and 
sedimented assemblages (Fig. 2). Average sea-ice thickness at our sta
tions was 1.77 m ± 48 cm, as measured by ice core length (Snoeijs- 
Leijonmalm and the SAS-Oden Scientific Party, 2022). However, this is 
likely an upper estimate due to site selection bias favouring thicker sea 
ice for practical considerations (e.g. stability of ship parking) and safety. 
We confirm that N. pachyderma was the only planktonic foraminifera 
species found in both the Central Arctic water column and underlying 
sediments samples using both test morphology and DNA genotyping, of 
which the latter was performed on individuals from Stations 2 and 8 
(Fig. 1, Supplementary Table 14, NCBI accession numbers PV277659- 
PV277698). The only exception was the Yermak Plateau (Station 8; 
Fig. 1), the most southerly and peripheral Arctic station close to Atlantic 
Water Influence, where a low percentage (26 individuals (>55 μm size 
fraction), ca. 1 % of the assemblage; 0–1000 m water depth) of Tur
borotalita quinqueloba was found. These individuals were not included in 
the morphometric analyses.

A total of 14,370 N. pachyderma specimens from the water column 
were classified into the six morphotypes (Nps-1 through Nps-5 and Npd; 

Table 1) using AutoMorph segmentation (Plate 1). Sinistral-coiling 
morphotypes (Nps-1 to Nps-5) comprised 11,118 specimens, while 
dextral-coilers (Npd) accounted for 3252 specimens. The highest total 
standing stock of N. pachyderma was recorded at Station 5, with 3135 
specimens (Fig. 2E). At all other stations, N. pachyderma was most 
abundant in the upper 100 m of the water column (Fig. 2, Supplemen
tary Table 6), except at Station 8, where its highest abundance occurred 
between 50 and 500 m, though with lower overall numbers of Npd 
compared to the other stations. Nps-5 was the most abundant morpho
type in the water column (69.3 % on average), usually down to 1000 m 
water depthIts total abundance decreased as the proportion of other 
morphotypes (particularly Nps-1-4) increased with depth, with highest 
numbers found between 50 and 200 m (Fig. 2, Supplementary Tables 5 
and 6). Nps-4 was the least common morphotype (ca. 0.4 %, Supple
mentary Tables 5–7). Most surprising was the high abundance of Npd, 
which made up 21.3 % of the water column (0–1000 m) population on 
average (range 8.8–32.3 %; Supplementary Table 6).

The highest relative abundances of Npd were found at Stations 5 and 
6 (32.3 % and 28.4 %, respectively; Supplementary Table 6). These 
stations are located at similar latitudes and were sampled only a few 
days after each other (Fig. 3 Supplementary Tables 1 and 8). We do not 
consider these right coiling forms to be N. incompta because this species 
is restricted to the warmer subpolar and transitional waters (e.g. Darling 
et al., 2006, 2023) and would not be able to live in the CAO where sea 
surface temperatures are as low as − 1.5 ◦C (Vermassen et al., 2025). 
Additionally, N. incompta was not identified in our genetic analysis. A 
linear regression was performed to assess the relationship between the 
relative abundance of Npd and the relative timing/location of the 
sampling in terms of time of year/season and ship track. When all eight 
stations are included, the regression showed a non-significant relation
ship (R2 = 0.03, p = 0.683; Fig. 3, blue line). However, excluding Station 
8 positioned close to the sea-ice edge at the periphery of the CAO 
(Yermak Plateau), the central Arctic perennial sea ice area showed a 
statistically significant relationship (R2 = 0.801, p = 0.00649; Fig. 3, 
green line) in the CAO.

A total of 1791 N. pachyderma specimens from surface sediment 
samples were also classified into the six morphotypes (Plate 2), with 
1689 being sinistral (Nps-1 through Nps-5) and 102 being dextral (Npd) 
(Supplementary Table 9). Although Nps-5 was a dominant component of 
the water column assemblage, it was less dominant in seafloor sediments 
(on average 39.6 %, Supplementary Table 3). On the sea floor, the 
proportion of Nps-1-4 was significantly higher than in the plankton. 
These morphotypes had thicker, less transparent tests compared to Nps- 
5 and the majority of Npd, suggesting that they were individuals that 
had reached maturity and were either sinking or had reached the sea 
floor. Npd surprisingly makes up 5.3–6.2 % of assemblages in the sedi
ments at the different stations (average 5.8 %) (Fig. 2; Supplementary 
Table 3). As in the water column, Nps-4 was the least common mor
photype in the sediment (ca. 2.7 %; Supplementary Tables 5–7). We 
observed that the majority (>90 %) of the Npd group consisted of 
relatively small, translucent, thin-walled individuals. The remainder (ca. 
10 %) comprised a variety of larger morphotypes comparable to Nps-1-4 
(Plate 1, Figs. 15–19 and Plate 2, Figs. 16–20).

3.2. Morphometric results

Our AutoMorph measurements of 14,609 individuals (12,896 water 
column, 11,713 sediment) include test area (μm2), major and minor axis 
(Supplementary Fig. 2), and aspect ratio, providing biometric support 
for the morphotype concepts (Fig. 4, Supplementary Table 8). We saw a 
consistent pattern in morphotype size in both water column and sedi
ment assemblages (Fig. 4), with test size increasing in the following 
order: Nps-5, Npd, Nps-1, Nps-3, Nps-2, Nps-4. The test area vs. aspect 
ratio for Nps-1 to Nps-4 occupy similar areas of morphospace for 
planktonic and sediment environments, with the exception of Npd 
where we find that water column Npd are all relatively small (test areas 
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Fig. 2. Stacked bar charts displaying the relative abundance (% of 16,161 specimens) of N. pachyderma morphotypes in the 5 vertically distributed multinet depths at 
the 8 plankton and 4 box core stations (Supplementary Tables 2 and 3). Each morphotype is represented by a distinct colour, with a corresponding cartoon illus
trating the morphology. Red bars indicate the total counts for each net and light brown for the surface sediment samples. The total counts for the net samples are 
based on all specimens found in a net, whereas the sediment sample total counts are based on a minimum of 300 specimens.. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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ca. 1.1 × 104 μm2), compared to the sediment (test areas are mostly 
>1.8 × 104 μm2; Fig. 4, Supplementary Table 8). We divided the mor
photypes into size classes corresponding to life stages often used in 
palaeoceanographic studies (Supplementary Table 10; see Methods 
section 2.4): <80 μm (juveniles), 80–125 μm (neanic), >125 μm 
(mature), and > 150 μm (large mature) (Fig. 5 and Plate 3 for immature 
individuals; see Methods 2.3 for details).

3.2.1. Water column
In the water column (Fig. 5A-H), N. pachyderma was most abundant 

in the 80–125 μm and >125 μm size fractions, except at Station 8, where 
it was also prominent in the >150 μm size class (Fig. 5H; total counts). 
Nps-5 was the dominant morphotype across all size classes at all sta
tions, particularly in the <80 μm (73.5–95 %, Supplementary Table 10) 
and 80–125 μm (68.3–88.01 %, Supplementary Table 10) fractions, 
which mainly consist of translucent, thin shelled specimens (Plate 3). 
Similarly, in the Npd category, the translucent Npd morphotype (Plate 
3) is also dominant across this same range of size fractions, with relative 
abundances of 5.00–26.47 % in the <80 μm fraction and 11.13–31.7 % 
in the 80–125 μm fraction (Supplementary Table 11). Morphotypes Nps- 
1 to Nps-4 show very low abundances in the water column, especially in 
the <80 μm and 80–125 μm fractions. These four morphotype are absent 
in the <80 μm fraction, while only Nps-1 is present in the 80–125 μm 
fraction in low amounts (<1 %; Supplementary Table 10). The repre
sentation of Nps-1 to Nps-4 increases slightly in the >125 μm and 150 
μm size fractions but remain low compared to Nps-5 and Npd, with 
relative abundances generally ranging between ca. 4–10 %. Among 
these, Nps-3 is the most abundant across the stations in the larger size 
fractions.

The depth distribution of the Nps-5 and Npd size-classes provided 
insights into the depth habitat of immature and mature forms (Fig. 6, 
Supplementary Tables 11 and 12). The test size ranges in relation to 
maturity are discussed in the methods (Section 2.3) and this terminology 
is applied below. In the upper 0–100 m, Nps-5 was predominantly found 
as neanic (80–125 μm) individuals (average ca. 53 %; Fig. 6, Supple
mentary Table 12, followed by mature (>125 μm) individuals (average 
ca. 41.5 %; Fig. 6, Supplementary Table 12), in particular at Stations 1, 

2, 4, 5, and 6. In general, juveniles (<80 μm) were the least abundant 
(average ca. 5 %) and only present in the upper 100 m. With increasing 
depth, the proportion of mature (>125 μm) and large mature individuals 
(>150 μm) both increased. At 100–200 m, mature individuals accounted 
for ca. 58 % on average (with about 34 % of these being large mature). A 
similar trend continued at 200–500 m, where the population consisted 
of ca. 67 % mature individuals (with about 40 % of these being large 
mature). At depths >500 m, Nps-5 populations consisted almost entirely 
of mature individuals, with around 76 % being mature and about 51 % 
of these being large mature.

Npd showed a similar trend to Nps-5, with the upper 100 m being 
dominated by neanic individuals (ca. 55 %; Fig. 6, Supplementary 
Table 12), followed by mature (ca. 42 %) of which 22 % of these were 
large mature. Juveniles were only present in the upper 100 m (ca. 3 %), 
similar to Nps-5 juveniles. The shift towards larger size classes at depth 
was more pronounced for Npd than for Nps-5. At 100–200 m, the mature 
population increased to ca. 67 % (about 38 % of these were large 
mature), while at 200–500 m mature individuals rose to ca. 89 % (about 
53 % of these were large mature).

At depths greater than 500 m, Npd became almost exclusively 
composed mature specimens (ca. 93 %), of these about 72 % were large 
mature.

Overall, Stations 4–6 had the highest proportions of neanic in
dividuals in the upper 100 m (ca. 50 % in the 80–125 μm size fraction; 
Supplementary Table 12), while Stations 7 and 8 showed a strong 
presence of mature specimens at depth (>125 μm averaging ca. 60 %; 
Supplementary Table 12). The shift from smaller to larger individuals 
with increasing depth suggests vertical sorting driven by either differ
ential habitats of different growth stages or selective sinking of larger, 
more mature forms.

In summary, Nps-5 and Npd displayed clear depth-dependent size 
distributions in the water column, with immature specimens dominating 
the upper 100 m and larger, mature specimens more abundant at depth. 
Stations 4–6, which were sampled consecutively between August 30th 
and September 5th (00:39 UTC) 2021 (Supplementary Table 1), had 
high concentrations of immature specimens in the upper layers, partic
ularly within the 80–125 μm size fraction. Station 7, also sampled on 

Fig. 3. Relative abundance (%) of right-coiling individuals of N. pachyderma (Npd) integrated over 0–1000 m water depth per station across a latitudinal transect. 
The numbers 1–8 correspond to the station numbers shown in Fig. 1. Cruise day, netting day/date, day of year (DOY), and netting time (UTC) are also indicated. The 
green dashed line represents the regression of the dataset with Station 8 excluded, while the blue dashed line represents the regression with Station 8 included. The Y, 
R2, and p-values are displayed in the plot. See Supplementary Tables 1 and 4 for additional details. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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September 5th (23:03 UTC), showed a similar pattern but with a high 
prevalence of larger specimens (>125 μm) in deeper layers. Station 8, 
sampled on September 11th (Supplementary Table 1), recorded a strong 
deep-water presence of larger, mature specimens, with a less pro
nounced presence of immature specimens in the upper layers. These 
spatial and temporal variations point to changes in population life stage 
composition and vertical distribution, likely linked to the timing of 
sampling.

3.2.2. Sediment
The sediment assemblages showed a different distribution pattern: 

while Nps-5 remained dominant in the smaller size fractions (Fig. 5I-L), 
the larger size fractions (>125 μm) were primarily composed of mor
photypes Nps-1 through Nps-4 (Fig. 5I-L, Supplementary Table 11). 
Additionally, small Npd specimens (<80 μm) were absent from sedi
ments and the Npd population in general was dominated by larger 
specimens (>80 μm). In summary, netted populations, which were 

dominated by small, largely immature individuals (80–125 μm) with an 
unusually high proportion of dextral forms (up to 32.3 %), contrasted 
markedly with sedimented assemblages especially in regards to the 
abundance of morphotypes Nps1-Nps-4 (i.e. mature individuals).

3.2.3. Proloculus size
Recent work on the life cycle of N. pachyderma (Darling et al., 2023; 

Meilland et al., 2022, 2024) highlight the importance of examining both 
test morphology and proloculus size to reveal the different reproductive 
stages of the N. pachyderma life cycle. To shed light on the N. pachyderma 
Type Ia reproductive cycle in the CAO, we measured external proloculus 
diameter on SEM images of 231 randomly picked Nps-5 and Npd spec
imens from Station 4, 0–50 m water-depth, using a modified approach to 
that of Darling et al. (2023) and Meilland et al. (2024) (Fig. 7, Plate 4, 
Supplementary Table 13). The mean external diameter of Nps-5 (n =
117) was 18.2 μm compared with Npd, which was 12.8 μm (n = 114). 
Gaussian Mixture Model (GMM) analysis shows that the distribution was 

Fig. 4. Mean morphological variables (AutoMorph test area vs aspect ratio parameters Supplementary Table 8) for the predefined N. pachyderma morphotypes at all 
sample stations. (A) water column specimens (all depths combined), and (B) sediment sample specimens. Error bars represent the standard deviation on all specimens 
for the predefined morphotypes from the >50 μm size fraction. Sample stations are indicated by numbers, the different morphotypes by colour. N values refer to the 
total number of individuals for each morphotype across all stations, see Table S8 for N values of individuals for each morphotype per station. Test area and aspect 
ratio values measured from 2D light microscope images using AutoMorph.
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Fig. 5. Stacked bar charts displaying the relative abundance (% of 12,896 water column and 1713 sediment specimens) of N. pachyderma morphotypes categorised 
into 4 pre-defined size classes (<80, 80–125, >125, >150 μm) at 8 multinet stations (A-H) and 4 box-core stations (I-L), with each morphotype represented by a 
distinct colour in the illustrations. Red bars indicate the total counts for each net and surface sediment sample. The numbers 1–8 correspond to the station numbers 
shown in Fig. 1. Stations marked with an * are box core stations. See Supplementary Tables 9 and 10 for more details. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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Plate 3. Examples of subadult Nps-5 and Npd individuals from the water column and sediment. 1 Nps-5 (SO21–48-Bx-6, 0–1 cm), 2, 3 Npd (SO21–38-11, 0–50 m), 4, 
5 Nps-5 (SO21–53–4, 50–100 m), 6–7 Npd (SO21–53–4, 50–100 m), 8 Npd (SO21–50-12, 0–50 m), 9 Nps-5 (SO21–50-12, 0–50 m), 10 Nps-5 (SO21–26-10, 0–50 m), 
11, 12 Npd (SO21–26-10, 0–50 m), 13, 14 Nps-5 (SO21–58-16, 100–200 m), 15 Spiral side of Npd showing the first whorl with pores in the sutures and pores moving 
towards the inner chamber in the second whorl (SO21–50-12, 0–50 m). All scalebars are 100 μm, unless otherwise indicated.
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bimodal in the sinistral dataset (Nps-5) (best-fit mean likelihoods 
L

k=2
sinistral = − 374.63, where k = is the number of components), with two 

distinct components and equal probabilities of belonging to each 
component (λ = 0.5) (Fig. 7B, Table 2). For the dextral dataset the 
distribution was also bimodal (L k=2

dextral = − 291.36) but with one domi
nant component (Fig. 7A; μ = 11.92, λ = 0.93) and a small probability of 
an individual belonging to the larger proloculus group (μ = 24.90, λ =
0.07).

4. Discussion

4.1. Morphotype distribution and the reproductive strategies of 
N. Pachyderma

All six N. pachyderma morphotypes recognised in this study were 
present in both the CAO water column and corresponding seafloor 
sediments, although their relative abundances and size distributions 
varied between these two environments (Figs. 3, 5, 6). Individuals were 

assigned to morphotypes visually, a classification supported by the 
distribution of corresponding morphologic variables. Plots of test area 
vs. aspect ratio for Nps-1 to Nps-4 define consistent areas of morpho
space in our scatter plots for planktonic and sediment environments (test 
area vs. aspect ratio; Fig. 4). This suggests that the morphological 
characteristics used to define each morphotype are consistently applied 
between the water column and seafloor, with most morphotypes in the 
water column eventually settling to the seafloor, albeit in different 
relative proportions (Fig. 2). The exception is Npd, which appear much 
smaller in the water column (test areas ca. 1.1 × 104 μm2) compared to 
the sediment, where Npd individuals are generally larger (on average 
1.8 × 104 μm2) (Fig. 4; Supplementary Table 8). We interpret this size 
difference as evidence that no ‘mature’ (larger) Npd individuals were 
present in the water column at the time of sampling. This suggests that 
the small, abundant Npd observed represent a relatively recent repro
ductive cohort, likely produced during an ongoing and temporally 
restricted central Arctic summer bloom period. Although the Nps-5 and 
Npd morphologies appeared similar (small and translucent) in both the 

Fig. 6. Stacked bar charts displaying station-specific abundance patterns of the N. pachyderma Nps-5 and Npd morphotypes through the water column broken into 
test size classes (<80, 80–125, >125, >150 μm). Each of the 4 size classes represented by a distinct colour shade. The numbers 1–8 correspond to the station numbers 
shown in Fig. 1. See Supplementary Tables 11 and 12 for more details.
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water column and the sediment, this similarity does not necessarily 
indicate that they represent the same developmental or reproductive 
stage of N. pachyderma (discussed below).

For comparison, previously published test size estimates of 
N. pachyderma morphotypes (Eynaud et al., 2009; El Bani Altuna et al., 
2018) show similar overall trends in relative size progression from Nps-1 
to Nps-4, with Nps-5 consistently smaller. However, absolute mean test 
sizes differ from our measurements (e.g. Nps-1: 165.2 μm in this study 
(Table 1) vs. ca. 205 μm in Eynaud et al., 2009), likely due to differences 
in morphometric methodology, or regional population variability. 
Aspect ratio values also differ slightly between studies, for instance, we 
report Nps-2 with an aspect ratio of 1.06 (Table 1) compared to 0.95 ± 5 
in El Bani Altuna et al. (2018). These differences underscore the influ
ence of imagine technique, methodology, resolution, and classification 
thresholds, yet the consistency in relative morphotype proportions 
across studies supports the robustness of the morphotype framework.

4.1.1. Water column: distribution of life stages
Using test size as a proxy for maturity/life stage (Davis et al., 2020), 

it can be concluded that juvenile specimens (<80 μm; Nps-5 and Npd) 
constitute a very small component of our samples. This is likely a 
consequence of mesh size limitations; even with the fine 55 μm net used 
in this study, many juvenile tests are likely lost (Fig. 6, Supplementary 
Table 12). Neanic specimens (immature) (80–125 μm, categorised as 

Nps-5 and Npd) were the most abundant size class in the upper 100 m, 
particularly within the top 0–50 m (Fig. 6, Supplementary Table 12). 
Their abundance progressively decreased with increasing depth and 
were largely absent below 500 m. As no specific stains or molecular 
methods were used to distinguish living from dead specimens, some of 
the specimens may represent recently deceased or sinking forms.

The distribution of larger individuals at greater depths, particularly 
at Stations 7 and 8, is consistent with a preferential sinking of mature/ 
adult forms. These individuals likely descend to deeper waters prior to 
gametogenesis, where they add their gametogenic calcite and subse
quently release gametes. Gamete release has yet to be observed in the 
natural environment, so the precise timing and depth of reproduction 
remain uncertain. It is also possible that some of these mature/adult 
forms fall out of the water column without reproducing (Meilland et al., 
2022). Stations 4–6 proportionately showed higher surface abundances 
of smaller individuals, suggesting the population included a wider range 
of life stages.

The larger morphotypes, comprising heavily encrusted morphotypes 
Nps-1 through Nps-4, constitute a minor component of the water column 
(ca. 10 %). Their high level of calcification indicates that they have 
reached maturity and most likely reproduced sexually, consistent with 
culture observations showing that tests thicken prior to gamete release 
in the sexually reproducing generation (gamonts; Darling et al., 2023). 
These findings are further supported by encrustation analyses from 

Fig. 7. Kernel and component densities of proloculus diameter data (Supplementary Table 13) and GMM fitting results. (A) Dextral dataset; (B) Sinistral dataset. 
Histograms of the underlying data separated into 5 μm bins are plotted in light blue beneath the corresponding kernel (grey) and component (blue, red) densities. 
Note that the component densities are not identifiable (i.e., component density 1 is not necessarily the ‘same’ component across analyses) and are numbered here for 
convenience of visualisation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Plate 4. Examples of proloculus size variability of dextral (Npd) and sinistral (Nps-5) N. pachyderma from SO21–42-5, 0–50 m. 1–5 largest proloculi, 6–8 small 
proloculi), 9–12 smallest proloculi. All scalebars are 10 μm unless otherwise indicated.
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natural populations in the Barents Sea, which document increased shell 
calcification (gametogenic calcification) with depth and infer repro
duction in N. pachyderma based on these features (Ofstad et al., 2021).

The predominance of small (55–125 μm), weakly calcified Nps-5 and 
Npd morphotypes in the water column (0–500 m) indicates that they are 
immature specimens that have not yet reproduced and that could 
eventually mature into one of the other morphotypes. We propose that 
the larger (>125 μm) Nps-5, and Npd observed in the water column, 
represent sinistral and dextral mature specimens that may reproduce 
asexually. This interpretation is based on N. pachyderma culture studies 
in which no Npd has been observed to release gametes, suggesting that 
reproduction in Npd is exclusively asexual (Kimoto and Tsuchiya, 2006; 
Meilland et al., 2022).

Observations from the Barents Sea also report low-density 
N. pachyderma tests, interpreted to be similar to our thin shelled Nps- 
5, throughout the entire water column (Ofstad et al., 2021), support
ing the idea that thin-shelled individuals persist at depth. However, not 
all will successfully reproduce and many thin-walled specimens will 
accumulate in the sediments. In fact, Meilland et al. (2022) estimated 
that 54 % of a N. pachyderma population die without ever reproducing, 
reinforcing the interpretation that many thin-walled individuals ulti
mately sink and accumulate on the seafloor, even in the absence of 
reproductive success.

In culture studies individuals, individuals producing live offspring 
had attained test sizes >125 μm and remained thin-shelled and trans
lucent following asexual reproduction events (Davis et al., 2020; Meil
land et al., 2022). The offspring, however, have been observed to 
develop thicker walls resembling morphotypes, including dextral vari
ants, of Nps-1 through Nps-4, as seen in Fig. 5 of Davis et al. (2020). 
Davis et al. (2020) note that generations of N. pachyderma could be 
described as isomorphic i.e. parent and offspring appear very similar in 
shape and form, although the potential morphometric differences be
tween parent (thin-shelled Nps-5) and offspring (encrusted Nps-1 to 
Nps-4 and their dextral equivalents) merit further study, as the mecha
nisms underpinning these differences remains unclear. Even though 
sinistral and dextral morphotypes can appear morphologically similar 
(Plates 1 and 2), they differ in their reproductive pathways, which will 
be discussed in the following sections.

4.1.2. Proloculus size categories and life-stage interpretation
To interpret life-stages in N. pachyderma, it is important to clarify the 

terminology used for proloculus size of the different generations found 
specifically in N. pachyderma, since they do not follow the “classic” 
megalospheric (asexual) and microspheric (sexual) test descriptions 
observed in some benthic foraminifera (Goldstein, 2002). Moreover, 
Goldstein (2002) demonstrated that there is nothing typical about the 
life cycles of benthic foraminifera and many do not conform to the so- 
called ‘classic pattern’. Although the non-spinose planktonic forami
nifera clearly evolved from the rotaliid group of benthic foraminifera 
(Holzmann and Pawlowski, 1996; Morard et al., 2024), the reproductive 
cycles of their sister benthic clades have yet to be studied. Additionally, 
it is important to note that the spinose and microperforate planktonic 
foraminifera groups are not closely related to the non-spinose group and 

do not represent sister clades (Morard et al., 2024).
To simplify interpretation, we define three operational categories 

based on proloculus size derived from our GMM results and previous 
studies (Meilland et al., 2022; Darling et al., 2023): (1) large, associated 
with agamonts (mean 18.8 μm), (2) medium, associated with gamonts 
(mean 16.6 μm), and (3) small (approximately 12 μm; Table 2), asso
ciated with specimens of currently unresolved reproductive origin. 
While these ranges overlap and show wide variation (Table 2), they 
provide a practical framework for assigning likely life stages, especially 
in the lack of direct reproductive observations in wild populations.

For clarity and consistency, we refer to these size classes as Large, 
Medium, and Small proloculus categories throughout this section. These 
terms are used as descriptive labels within the context of this study to 
distinguish our terms from those of other studies, rather than as 
empirically defined classes. These classes form the basis for interpreting 
the statistical distributions described below.

Interpretation of proloculus size distribution begins with dextral 
N. pachyderma (Npd), which we propose is composed of only two 
reproductive stages. Agamonts and schizonts have been shown to coil in 
either direction (Darling et al., 2023; Meilland et al., 2022, 2024), 
whereas gamonts are consistently reported as sinistral in culture studies 
(Kimoto and Tsuchiya, 2006; Meilland et al., 2022), and thus are not 
expected to occur among dextral individuals. The Npd dataset, there
fore, is restricted to agamonts (Large), and individuals of currently un
known origin (Small), which we tentatively interpret as schizonts.

The proloculus size distribution in the Npd datatset (Fig. 7A) exhibits 
a clear bimodal distribution, as resolved through GMM. Two well- 
separated peaks are evident: the red density component, centred at 
approximately 24.9 μm, and the blue component, centred at approxi
mately 11.9 μm (Table 2). These size classes are interpreted to represent 
agamonts and schizonts, respectively, based on comparisons with pre
vious studies and size ranges observed in literature (Meilland et al., 
2022; Darling et al., 2023). The average proloculus size values under the 
red curve in this study (24.9 μm; Table 2) are higher than the CT scanned 
(Darling et al., 2023) or culture experiment (Meilland et al., 2022, 2024) 
values for agamonts. This discrepancy is most likely due to the other 
studies using internal CT scans or measurements of thin-walled speci
mens immersed in oil, which enhances visualisation, whereas our pro
loculus sizes were measured externally. Despite such discrepancies, the 
size separation between life stages remains robust across datasets as 
shown in the distinct density components.

The two-component interpretation in the Npd population provides a 
useful comparative framework for evaluating the more complex sinistral 
population (Nps-5), which is expected to contain three distinct repro
ductive stages: gamonts, agamonts, and schizonts. The GMM applied to 
the sinistral dataset (Fig. 7B) also reveals a bimodal distribution, with 
the red and blue density components spanning a broad range of prolo
culus sizes and showing an overlap in density around 16 μm. However, 
given the presence of an additional gamont reproductive stage in the 
Nps-5 population, the biological interpretation of these statistical modes 
is more complex.

The blue component in Nps-5 (Fig. 7B) has a mean proloculus size of 
approximately 12.3 μm, nearly identical to the blue component in the 
dextral population (11.9 μm, Table 2). This similarity supports the 
interpretation that the blue density component in both datasets corre
sponds to schizonts. The red component in the Nps-5 dataset (Fig. 7B), 
by contrast, covers a broader range of sizes and includes values consis
tent with both gamonts and agamonts. Proloculus sizes reported in the 
literature indicate that gamonts typically range around 16.6 μm, while 
agamonts are somewhat larger (mean 18.8 μm) (Meilland et al., 2022; 
Darling et al., 2023). Notably, the blue component tapers into the red 
component range, with a relatively high frequency of specimens around 
16 μm where these two components overlap. This overlap suggests that 
gamonts are present in both components, as they may be produced by 
both agamonts and schizonts (e.g. Darling et al., 2023; Meilland et al., 
2024). Consequently, although GMM resolves a bimodal distribution 

Table 2 
Gaussian mixture model parameters for proloculus size (μm) for sinistral and 
dextral datasets from specimens collected at Station SO21–42-5, 0–50 m water 
depth (Supplementary Table 13). See Plate 4 for examples of the three prolo
culus sizes.

Dataset # 
components 
(best-fit)

Component 
identifier (cf. 
Fig. 7)

Means 
(μm)

Standard 
deviations 
(σ)

Weights 
(λ)

Dextral 2 Blue 11.92 5.87 0.93
Red 24.90 5.87 0.07

Sinistral 2 Blue 12.34 5.30 0.5
Red 23.40 24.68 0.5
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statistically, the underlying biological assemblage in Nps-5 comprises 
three distinct life stages: (1) schizonts (blue component, ~12.3 μm), (2) 
gamonts (overlapping region, ~16 μm), and (3) agamonts (red compo
nent, 23.4 μm). The overlap in blue and red components at ~16 μm 
aligns closely with reported gamont proloculus sizes from Baffin Bay 
(Meilland et al., 2022), supporting that the Nps-5 data represents a 
three-component assemblage, as the red curve includes size values 
consistent with those for both gamonts (mean 16.6 μm) and agamonts 
(mean 18.8 μm) (Meilland et al., 2022; Darling et al., 2023).

This more complex three-stage structure in Nps-5 stands in contrast 
to the Npd population, which contains only two reproductive stages, the 
agamont and the schizont, each corresponding directly to one of the 
statistically resolved modes (Table 2). Thus, although both Npd and Nps- 
5 show bimodal distribution in proloculus size, the underlying biological 
composition differs. Comparing these two populations provides a useful 
framework for interpreting the Nps-5 dataset with greater confidence, 
using the simpler Npd distribution as a reference to assign life stages to 
the overlapping proloculus size classes observed in Nps-5 gamonts. 
Thus, the apparent bimodality of the proloculus size distribution reflects 
a more complex three-stage biological structure that cannot be fully 
resolved by statistical modelling alone.

Additional support for the presence of multiple life stages comes 
from population structure dynamics. Agamonts typically produce over 
250 gamont offspring each (Kimoto and Tsuchiya, 2006; Meilland et al., 
2022, 2024). This reproductive output leads to a population structure in 
which gamonts vastly outnumber their agamont parents in the water 
column. Consequently, sinistral gamonts are expected to dominate the 
water column assemblage, with sinistral agamonts comprising only a 
small fraction. Based on this expectation, the Nps-5 agamonts likely 
account for less than 3 % of the total assemblage, falling within the 
lower tail of the red density curve in Fig. (7B) (Darling et al., 2023). This 
interpretation is strongly supported by the low numbers of dextral 
agamonts observed beneath the red curve in Fig. 7A.

It should be noted that in the water column data set in this study, 
proloculus diameter measurements were confined to Nps-5 and Npd due 
to method practicalities (Plate 4). As discussed above, the water column 
Nps-5 assemblage includes agamonts (Large), gamonts (Medium) and 
specimens of currently “unknown” origin with a small proloculus, 
hypothesised to be schizonts (Small). The Npd assemblage includes 
agamonts (Large) and the “unknowns” (Small). The proloculus size in 
the larger heavily encrusted mature morphotypes Nps-1 through Nps-4 
was not assessed in this study, as limitations in our SEM method pre
vented accurate identification of proloculi in these heavily encrusted 
morphotypes. Although this could be facilitated with future micro-CT 
imaging, to which gametogenic calcite is no obstacle, as demonstrated 
by Ofstad et al. (2021) and Darling et al. (2023), who used this technique 
to visualise internal chamber structures including the proloculus, these 
morphotypes would only contribute marginally to the three proloculus 
size values.

In the Nps-5 dataset, specimens with a small proloculus make up 50 
%, while they account for 97 % of the Npd dataset (Table 2). Meilland 
et al. (2022) similarly reported the presence of specimens with a 
comparably small proloculus as a minor component within a predomi
nantly sinistral coiling assemblage. In their study, less than 4.5 % of the 
Greenland Sea population exhibited a small proloculus, while in Baffin 
Bay, confirmed small proloculus specimens comprised less than 3.47 %, 
with 20.46 % remaining unassigned due to significant overlap with the 
medium proloculus size range. While direct confirmation of schizont 
identity remains unavailable, the recurring presence of this size class in 
both sinistral and dextral populations supports the hypothesis that it 
most likely represents a third, previously undercharacterised, asexual 
schizont generation.

4.1.3. Sediment: Distribution of life stages
The larger, heavily encrusted morphotypes (Nps-1 through Nps-4) 

constitute a minor component of the water column (ca. 10 %) but 

typically make up about 55 % (Supplementary Table 3) of the sediment 
(0–1 cm depth). Their level of calcification (gametogenic calcification) 
indicates that they have reached maturity and reproduced sexually (i.e., 
gamete release), consistent with culture observations showing that tests 
thicken prior to gamete release in sexually reproducing generations 
(gamonts; Davis et al., 2020; Meilland et al., 2024). The encrusted and 
larger morphotypes of Nps-1 to Nps-4 average 54.6 % across all box core 
samples (Supplementary Table 6).

The Nps-5 component in the underlying sediments include a higher 
proportion of larger individuals (>125 μm) compared to the water 
column (Fig. 5). These would include a small number of mature aga
monts, that would have reproduced asexually (Darling et al., 2023), 
since they are thin walled, with test sizes >125 μm (Meilland et al., 
2022, 2024). However, these would represent <3 % of the sediment 
assemblage, since they are likely to occur in equivalent numbers to the 
Npd agamonts in the water column (3 %; Meilland et al., 2022; Darling 
et al., 2023). By far the largest sediment Nps-5 component is represented 
by the gamont population that failed to grow or reproduce at maturity. 
In addition, in these Arctic waters there will be a smaller component of 
Nps-5 that represents the “unknowns” with the Small proloculus shown 
to be present in the water column in Fig. 7A.

A similar equivalent increase in Npd above the 3 % value would also 
be expected, since the “unknowns” with the Small proloculus are also 
observed to exhibit dextral coiling (Fig. 7A). How large this additional 
component would be would depend upon how often they are produced 
over the seasonal cycle. If they are rarely produced, they would not 
influence the Arctic coiling percentages in core tops, since these central 
Arctic sediments represent millennia of accumulation (e.g. Backman 
et al., 2004). However, Arctic core tops exhibit marginally higher per
centages of dextral coiling (ranging from 2 % to 9.1 %, based on varying 
sieve mesh sizes (>63 μm - >150 μm); this study and El Bani Altuna 
et al., 2018; Nørgaard-Pedersen et al., 2007; Prabhakar et al., 2024) 
compared to other regions further south, such as Baffin Bay (4 %; 
Knudsen et al., 2008) and the Greenland Sea (<3 %; Bauch et al., 2003), 
although in these regions N. incompta starts to encroach, making the 
differentiation from Npd more problematic.

4.2. Dextral coiling and the schizont hypothesis: evidence for an 
additional asexual generation in N. pachyderma

In both the CAO water column and underlying sediment samples, we 
find higher proportions of dextrally coiled individuals than expected, 
compared to the <3 % dextral coiling ratio described in Darling et al. 
(2006, 2023). Plankton sampling in the Nansen Basin water column had 
previously found N. pachyderma dextral in proportions up to 6.2 % (net 
mesh 63 μm; Carstens J. and Wefer, G., 1992). However, our observa
tions show an even greater divergence from the commonly referenced 3 
% coiling guideline, suggesting that higher dextral coiling values in the 
CAO may differ from those traditionally assumed for other regions. 
Dextral coiling values were consistently well above 3 % and rise as high 
as 32.3 % (Supplementary Table 5) in the water column. We propose 
that these results represent an additional asexual event in the repro
ductive cycle of N. pachyderma, which may be specific to the CAO and 
involve a third, clonal pathway known as the schizont cycle.

Several culture studies have demonstrated that aberrant coiling is a 
signal of asexual reproduction in N. pachyderma (Kimoto and Tsuchiya, 
2006; Kimoto and Tsuchiya, 2006; Davis et al., 2020; Meilland et al., 
2022, 2024), where offspring are released as opposed to gametes. This 
process forms part of a generational alternation between gamonts 
(which release gametes) and agamonts (which produce live offspring). 
While the extent to which asexual reproduction dominates the life cycle 
of N. pachyderma remains debated (e.g. Meilland et al., 2022; Darling 
et al., 2023), recent culture studies suggest that asexual reproduction 
may be more common than previously assumed (Meilland et al., 2022, 
2024).

Agamonts are rare in the water column and can be either sinistral or 
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dextral (Meilland et al., 2022, 2024). Following evidence from the 
rotaliid benthic foraminiferal clades, the offspring are produced by 
multiple fission following an initial meiotic division, as outlined in 
Goldstein (2002) and Darling et al. (2023). Their offspring constitute the 
water column assemblages which are all sinistral coiling haploid gam
onts. A proposal for the complete cycle is shown in Darling et al. (2023). 
As previously noted, the Large (mean 18.8 μm) and Medium (mean 16.5 
μm) proloculus sizes correspond to the agamont and gamont generations 
respectively (Darling et al., 2023; Meilland et al., 2022, 2024). Our 
dataset (Fig. 7A and B) indicates a potential third component, where 
specimens with a Small proloculus constitute 50 % of the Nps-5 dataset 
and 93 % of the dextral dataset (Table 2). We propose that the Small 
proloculus size, shown under the blue curve in both Nps-5 and Npd 
(Fig. 7), do not constitute part of the dominating alternation of sexual 
and asexual generation cycle, but rather represent a clonal schizont 
reproductive cycle.

Previous studies on the distribution of proloculus size in 
N. pachyderma in the Greenland Sea, and particularly in Baffin Bay, have 
provided evidence of bimodality (Meilland et al., 2022). In Baffin Bay, 
the smaller proloculus specimens (ranging 2–16 μm) were classified as 
microspheric, while those larger than this were classified as megalo
spheric, though these included both gamonts and agamonts (Meilland 
et al., 2022; Darling et al., 2023). A considerable overlap exists between 
these two groups, which aligns with the overlap seen between the Nps-5 
blue and red curves in this study (Fig. 7B). However, all gamonts (Me
dium proloculus) in the water column exhibit sinistral coiling, as no 
dextral-coiling specimens have been observed releasing gametes in 
culture (Davis et al., 2020; Meilland et al., 2022, 2024). This is further 
supported by their absence in the Npd curve (Fig. 7A), which only in
cludes the Small and Large proloculus groups. Consequently, the Small 
proloculus group stands apart in the Npd curve, displaying the full, 
unobscured range of proloculus sizes characteristic of this category. 
These sizes also closely match those represented under the blue curve in 
the Nps-5 dataset (Fig. 7B), indicating their clear commonality.

4.2.1. Evidence for clonal schizont reproduction in N. pachyderma
Meilland et al. (2024) observed a deviation from the primary alter

nating generation cycle in their N. pachyderma cultures, where agamonts 
produce the sinistral coiling water column assemblages (Meilland et al., 
2022; Darling et al., 2023). They found that successive generations may 
be produced by multiple fission, a possibility originally suggested by 
Darling et al. (2023). However, it is important to define what is meant by 
the process of multiple fission. In some groups of benthic foraminifera, 
meiotic reductive division (which increases genetic variation in gamont 
offspring) precedes multiple fission in the agamont (Le Calvez, 1946, 
1950; Grell, 1954; Arnold, 1955; Goldstein, 2002). This asexual stage in 
benthic foraminifera is therefore not clonal as in many other organisms, 
but rather a reductive division from diploid to haploid cells. However, 
when successive generations of multiple fission are observed, as docu
mented by Meilland et al. (2024), it is highly likely that clonal multiple 
fission without meiosis is occurring, since this phenomenon is regularly 
observed as a facultative third component of the life cycle of benthic 
rotaliids (e.g. Leutenegger, 1977; Dettmering et al., 1998; Goldstein, 
2002).

Our analysis of the life cycle of N. pachyderma is derived from a 
combination of both benthic and non-spinose planktonic foraminiferal 
literature, consistent with the position of meiosis within the benthic 
foraminiferal clades (Goldstein, 2002; Goetz et al., 2022). All three 
components – the sexual gamont generation (Meilland et al., 2022), the 
asexual agamont generation (Meilland et al., 2022; Darling et al., 2023), 
and the asexual clonal schizont generation (hypothesised by Darling 
et al., 2023 and observed by Meilland et al., 2024) – have now been 
suggested to occur in N. pachyderma’s life cycle in its natural environ
ment, based on this study. The question remains how the three com
ponents (Large, Medium, and Small) we have identified in proloculus 
size distribution in this study relate to the three distinct reproductive 

pathways observed in the N. pachyderma life cycle. It has been estab
lished that the agamonts have a Large proloculus (sinistral and dextral) 
and the gamonts have a Medium size proloculus (sinistral), though both 
have a wide range of variation (Meilland et al., 2022; Darling et al., 
2023). This leaves the Small proloculus group (both sinistral and dextral 
coiling), which have mean proloculus size values (Table 2) of 12.34 μm 
(sinistral) and 11.92 (dextral) with a standard deviation of 5.3 μm and 
5.87 μm, respectively, as candidate schizonts. The Small proloculus 
group are responsible for the higher dextral coiling ratios observed in 
our water column assemblages. This similarity between the sinistral and 
dextral GMM results supports our hypothesis that the Small proloculus 
dataset represents individuals produced by the clonal schizont cycle.

4.2.2. Culture-based support for schizont activity in N. pachyderma
Culture studies on N. pachyderma (Type IIIa; as defined by Morard 

et al., 2024) from the Northeast Pacific observed asexual reproduction 
with offspring released from parent tests, some of which grew to full size 
and later released gametes (Davis et al., 2020; Kimoto and Tsuchiya, 
2006). Kimoto and Tsuchiya (2006) described a dextral agamont pro
ducing sinistral offspring (genotyped) of which three produced gametes, 
which aligns with the primary alternation of generation life cycle. 
However, Davis et al. (2020) observed a sinistral agamont (thin walled) 
producing both dextral (35 %) and sinistral (65 %) offspring in a single 
reproductive event. Their offspring assemblage resembles the composi
tion of the Small proloculus assemblage observed in the water column 
assemblage in this study. Of the offspring, eleven grew to adult form, 
exhibiting a range of Nps-1 through Nps-4 morphologies. Of importance 
is that one of the offspring underwent gametogenesis and was therefore 
a gamont. However, it is unlikely that the dextral offspring in this study 
were also gamonts, since no dextral specimens have ever been observed 
to release gametes and the Medium proloculus (gamont) sizes are absent 
in the dextral assemblage in this study (Fig. 7A). One possible expla
nation for this surprising outcome is the observation in benthic fora
minifera that meiosis occasionally fails during multiple fission in 
culture. Under this scenario, offspring could be a mix of both schizonts 
and gamonts (Le Calvez, 1946), which might explain the unusual coiling 
ratio for N. pachyderma observed in the Davis et al. (2020) culture. 
Furthermore, there is a wide scatter around the mean proloculus size for 
the Small dextral proloculus group in our study (Fig. 7A). The lower 
proloculus values described in Davis et al. (2020) would fall well within 
it, supporting our suggestion that some of the observed offspring could 
be schizonts.

Previous studies therefore suggest we might expect schizonts in 
successive clonal generations (Meilland et al., 2024), and potentially 
following failed meiosis, when both schizonts and gamonts can be pro
duced (Le Calvez, 1946;) but the mechanism determining the coiling 
ratio in schizonts remains unknown. For example, in the benthic fora
minifera Amphistegina spp., schizonts and gamonts show a predominant 
coiling direction, while agamonts may not (Hallock and Larsen, 1979). It 
is clear that the agamonts can be either sinistral or dextral coiling 
(Darling et al., 2023), but it is unknown whether the schizont clones 
exhibit the coiling direction of the parent test when they clone them
selves. If they did, it could account for the unusually high level of dextral 
coiling in the Small proloculus fraction observed in this study. At pre
sent, no definitive mechanism has been proposed to explain these coiling 
patterns in N. pachyderma and other species, and this question remains 
open.

Meilland et al. (2024) recorded the proloculus sizes and coiling di
rection of seven initial parent tests whose offspring went on to produce a 
second generation of offspring. Although the Meilland et al. (2024)
study was an enormous undertaking, with 29 reproductive events that 
produced about 33,000 offspring, the numbers of actual offspring suc
cessfully measured for both proloculus size and coiling direction per 
reproduction was relatively limited. The proloculus sizes of the initial 
parent tests varied widely, with three specimens (two sinistral and one 
dextral coiling) exhibiting a small proloculus (12.6 μm, 14.59 μm, and 
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7.5 μm). These sizes are all defined in Meilland et al. (2022) as micro
spheric. The specimen with the 12.6 μm proloculus, for example, pro
duced two further generations of offspring with a similar small size 
proloculus to those in this study. These are most likely to be successive 
clonal reproductive events since all generations have a small proloculus. 
However, the variation in parent proloculus sizes in the seven initial 
parent tests suggests that they may have been a mixture of agamonts and 
schizonts at various stages of transition between the two states. To 
terminate the schizont cycle, meiosis and multiple fission must be trig
gered in a schizont to produce gamont offspring again. It remains un
known what triggers the clonal cycle to commence, or what determines 
the number of schizont cycles.

4.2.3. Environmental influence on N. pachyderma’s reproduction cycle in 
the CAO

We hypothesise that the N. pachyderma assemblage in the CAO water 
column is dominated and sustained by an asexual schizont cycle (Fig. 8), 
which is reflected in the high abundance of Small proloculi individuals 
in both the Nps-5 and Npd populations. This cycle allows rapid popu
lation expansion, particularly in extreme environments like the CAO, 
where successive asexual generations may sustain populations under 
resource-limited conditions. This suggests that the ambient conditions 
(Vermassen et al., 2025), together with low or even the absence of light 
under the thick perennial sea ice, influences the reproductive strategy of 
N. pachyderma in the CAO.

Fig. 8. Proposed trimorphic life cycle of Neogloboquadrina pachyderma, modified from Darling et al. (2023) and Dettmering et al. (1998), incorporating proloculus 
sizes for the gamont (orange; Medium proloculus), agamont (red; Large proloculus), and schizont (yellow; Small proloculus), based on the GMM dataset (Table 2). 
The life cycle is derived from a combination of both benthic and non-spinose planktonic foraminiferal literature, consistent with the position of meiosis within the 
benthic foraminiferal clades (Goldstein, 2002; Goetz et al., 2022). Dextral individuals (green) and sinistral individuals (blue) are indicated. In the primary cycle, 
diploid zygotes develop into large proloculus agamonts (red) which may coil in both directions. They produce high numbers of gamonts (orange) through meiosis and 
multiple fission. These represent the typical N. pachyderma sinistral population of the water column. The haploid gamonts then release gametes that fuse to form a 
diploid zygote, to complete the primary dimorphic cycle. Diploid agamont (red; Large proloculus) may also reproduce asexually by cloning to produce diploid small- 
proloculus schizonts (yellow). Schizonts can either reproduce asexually via schizogony giving rise to successive schizont generations, or undergo meiosis and multiple 
fission giving rise to Medium proloculus gamonts. These in turn release haploid gametes into the water column which fuse to form zygotes, thus closing the cycle. 
While we acknowledge the solely sexual cycle as proposed by Meilland et al. (2022) in grey is possible, we emphasise that an exclusively sexual cycle has not been 
observed in benthic foraminifera from which the planktonic foraminifera originated. The sexual cycle follows Meilland et al. (2022), however, the position of meiosis 
and multiple fission in this cycle is unknown. The asexual cycle aligns with observations from Darling et al. (2023) and Meilland et al. (2022, 2024). A hypothesised 
schizont cycle, based on Darling et al. (2023) and Meilland et al. (2024), suggests that successive schizogony prolongs asexual reproduction, maintaining population 
stability under Arctic conditions. The three reproductive modes (sexual gamont, asexual agamont, and asexual schizont) are illustrated with representative SEM 
images of specimens with Small, Medium, and Large proloculi, corresponding to the schizont, gamont, and agamont stages, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Although the exact mechanisms remain unclear, one possibility is 
that epigenetic processes may play a role in regulating reproduction 
modes under environmental stress. Hallock and Reymond (2022) sug
gest that the release of schizonts in larger benthic foraminifera may 
represent an epigenetically-induced stress response by the parent, where 
changes in gene function can be inherited across generations without 
altering DNA sequences and may gradually reverse when stress condi
tions ease (Parker et al., 2022). Protists, including foraminifera, have 
been shown to possess potential for epigenetic regulation (Weiner et al., 
2020), but further research is needed to determine if such mechanisms 
are involved in N. pachyderma’s reproduction cycle in the CAO.

The ecology and depth habitat of N. pachyderma in the CAO is likely 
shaped by light availability and light-dependent processes, particularly 
in relation to sea ice cover and chl-a concentrations (Greco et al., 2019). 
During the SAS-Oden 2021 cruise, the average sea ice thickness at our 
stations was 1.77 m (max. 2.6 m), with an average snow cover of around 
3 cm (Snoeijs-Leijonmalm and the SAS-Oden Scientific Party, 2022). 
Given these conditions, light transmittance through the sea ice at the 
time of the cruise was likely very low, as previous studies have shown 
that light transmission decreases with both increased ice thickness and 
overlying snow cover. For example, a 10 cm snow layer can reduce light 
transmittance to below 5 % (Perovich, 2007; Nicolaus et al., 2013; 
Perovich, 2017), meaning that light transmittance during the SAS-Oden 
2021 cruise was low. The possibility of a light-limiting effect on 
N. pachyderma reproduction could be supported by the unusual high 
dextral coiling assemblage (35 %) observed in N. pachyderma cultures 
following 24-h darkness treatment (Davis et al., 2020), though this re
quires further investigation. If the Npd assemblage with Small proloculi 
in the CAO reflects a schizont cycle, its abundance may be a consequence 
of the unique conditions associated with perennial sea-ice cover, spe
cifically, reduced light levels due to thicker sea ice and snow cover. This 
suggestion is strongly supported by the consistently low dextral coiling 
values (<3 %) observed further south in the high latitude polar North 
Atlantic, where summer sea ice is absent (Bauch et al., 2003; Darling 
et al., 2006).

4.2.4. Reproductive timing of N. pachyderma in the CAO
While we recognise the potential for a solely sexual cycle in the high 

latitudes as suggested by Meilland et al. (2022) (indicated by the grey 
arrow in Fig. 8), our data suggests a more complex scenario in the CAO, 
where gamonts may arise from both agamonts and schizonts. The 
strictly sexual cycle, suggested by Hemleben et al. (1989) for the 
planktonic foraminifera remains unobserved in benthic foraminifera 
(Darling et al., 2023), from which the planktonic foraminifera evolved. 
Given that different modern planktonic foraminiferal groups may have 
evolved independently from their benthic ancestors (Darling et al., 
1997; Morard et al., 2024) and acquired new traits, we acknowledge the 
possibility of a sexual cycle for members of the non-spinose planktonic 
foraminiferal group in our reproduction model.

We recognise the contributions of Meilland et al. (2022) and these 
insights are part of an evolving understanding, particularly considering 
that their results are based on culture studies, while our findings are 
grounded in field data under the most extreme of polar conditions (i.e. 
perennial sea ice cover). This difference underscores the need for further 
research, as we do not yet have enough clarity to construct a definitive 
picture of N. pachyderma’s reproductive cycle. Following Darling et al. 
(2023), we therefore hypothesise that the exceptionally large proportion 
of aberrant coilers that we observe are most likely the result of a clonal 
schizont cycle, involving successive asexually produced generations that 
rapidly build up standing stock in the seasonally extreme CAO envi
ronment. This mode of reproduction, recognised for the first time in the 
field on our Arctic SAS-2021 expedition, is a well-known phenomenon in 
benthic foraminifera (e.g., Leutenegger, 1977; Dettmering et al., 1998; 
Goldstein, 2002), and has only been reported recently for the non- 
spinose planktonic group in culture (Meilland et al., 2024).

The unique environmental setting of the CAO is highlighted when 

comparing sediment trap data from the subarctic North Pacific. Here the 
sediment traps reveal two distinct flux peaks of N. pachyderma, each 
lasting 30–40 days and approximately equal in magnitude (Sautter and 
Thunell, 1989; Alderman, 1996), coinciding with a spring and autumn 
phytoplankton bloom (Sigler et al., 2014). Dextral coiling in this region 
never exceeds 3 % (Alderman, 1996), suggesting dominance of the 
typical agamont–gamont sexual cycle. In contrast, the CAO exhibits a 
single, summer phytoplankton bloom which is initiated when sea ice 
cover is still intense and up to 2 m thick (Ko et al., 2024), highlighting 
the region’s unique environmental constraints and the specific adapta
tions of its planktonic communities.

Across the Sub-Arctic and Arctic, phytoplankton blooms vary in 
timing and intensity. The earliest blooms occur in the Nordic and Bering 
seas, while one of the latest is recorded in the CAO (Ardyna et al., 2013). 
This summer bloom is influenced by the relatively short growing season 
due to the persistent sea ice cover. In multi-year ice-covered regions in 
the CAO, conditions typically support only one broad bloom (Ko et al., 
2024), which may be muted or subsurface due to the ice cover that 
prevent wind-driven vertical mixing and nutrient replenishment of the 
surface layer (Ardyna et al., 2014). Light availability is a key limiting 
factor in the Arctic, where the typical 24-h diurnal cycle is replaced by 
extended periods of continuous daylight during summer (midnight sun) 
and prolonged darkness during winter (polar night), resulting in pro
nounced seasonal variations that affect biological and reproductive 
processes differently throughout the year.

In the CAO, the under-ice phytoplankton bloom initiates between 
late May and late June peaking in early August (Ko et al., 2024). We 
speculate that the single bloom, and thus short time window for feeding, 
likely influences the reproduction mode of N. pachyderma. During the 
onset of the phytoplankton bloom, overwintering schizonts likely graze 
on the phytoplankton to build energy reserves for reproduction. Schiz
onts may be better suited for overwintering than gamonts, as culture 
studies have shown schizont offspring survival over six months of 
dormancy (Meilland et al., 2024). These dormant schizonts may resume 
activity when stimulated by food availability, as was suggested for some 
benthic species (e.g. Myers, 1942; DeLaca et al., 1980). Once favourable 
conditions return during spring with increasing sunlight and sea ice 
biomass in the CAO (Harney et al., 1998), schizonts would be stimulated 
out of dormancy by food availability and are likely to enter meiosis and 
multiple fission to produce gamonts, thereby initiating the agamont- 
gamont reproductive cycle, rather than continuing with clonal 
reproduction.

In addition to the potential for dormancy in overwintering schizont 
population, studies of living planktonic foraminifera during the polar 
night in the Barents Sea indicate that N. pachyderma could survive the 
harsh conditions of winter sea-ice cover, feeding on a wide variety of 
food (Zamelczyk et al., 2021). Neogloboquadrina pachyderma from Baffin 
Bay feed predominantly on diatoms, Crustacea and bacteria (Greco 
et al., 2021a; Bird et al., 2024, in review). Brine pockets in sea ice can 
store viable diatoms with intact chloroplasts in winter months which are 
then released into the under-ice waters upon melting the following 
spring (Krembs et al., 2002). Zamelczyk et al. (2021) found that 
planktonic foraminifera were present in low abundances in the upper 50 
m during the Arctic polar night, evidencing survival under harsh winter 
conditions. Benthic foraminifera have also been shown to remain 
metabolically active during the polar night and seem to have access to 
algal food (Knyazeva and Korsun, 2016). This indicates that, although 
N. pachyderma standing stock may decrease by a factor of >200 during 
winter (Vilks, 1989), it has the ability to overwinter, potentially as 
schizonts, by feeding when active on food released from the sea ice. This 
surviving schizont population would serve as the starting standing stock 
for the upcoming season. However, unlike Antarctic N. pachyderma Type 
IVa, which has been observed living in sea ice brine channels (Spindler 
and Dieckmann, 1986), the Arctic N. pachyderma Type Ia does not 
appear to be adapted to this habitat, as no living or dead foraminifera 
were found in Arctic sea ice (Gradinger, 1999).
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We speculate that under favourable summer conditions, when 
nutrient levels are high, these schizonts give rise to gamonts, thereby 
initiating the sexual cycle. By July, the water column likely contain 
relatively few schizonts, each producing large numbers of gamonts. As 
the bloom progresses and reaches its peak in early August, the propor
tion of dextral individuals increases, reaching a maximum by late August 
to early September (Fig. 3). This pattern suggests that, in addition to the 
regular agamont-gamont cycle, successive rounds of schizont repro
duction are also occurring. These coincide with declining Chl. a con
centrations, indicating the initiation of bloom termination and 
conditions less favourable for sexual reproduction. Under these cir
cumstances, the energetically less demanding schizont cycle (e.g. Crow, 
1994) may be favoured, potentially continuing until phytoplankton 
bloom termination in mid-October (Ko et al., 2024).

Additionally, Stations 1–4 show the smallest average test areas for 
Nps-5 and Npd among all stations (ca. 0.96 × 104 μm2 and 1.05 × 104 

μm2, respectively; Fig. 4 and Supplementary Table 8), suggesting these 
populations are likely the youngest and represent the onset of the 
schizont cycle. In contrast, Stations 5 and 6 exhibit slightly larger test 
areas for Nps-5 and Npd (1.07 × 104 μm2 and 1.1 × 104 μm2, respec
tively; Fig. 4 and Supplementary Table 8) along with a higher abundance 
of dextral coilers compared to Stations 1–4, indicating that more suc
cessive clonal reproduction events have already occurred at these two 
sites.

Therefore, the limited duration of the phytoplankton bloom in the 
CAO constrains the schizont cycle to a narrow window as is evidenced by 
the mismatch between the dextral coiling percentages in the water 
column (up to 32 %) and lower values in the underlying sediment (ca. 6 
%). Given the background dextral signature of <3 % from the agamont- 
gamont cycle, the sedimentary signal reflects a brief yet substantial 
contribution from schizont-driven reproduction. Despite being muted by 
the dominantly sinistral agamont-gamont cycle, the elevated sedimen
tary dextral ratio confirms the impact of the seasonal schizont cycle in 
the CAO.

The co-occurrence of gamonts, agamonts, and schizonts during 
summer suggests that all three reproductive modes operate simulta
neously in the CAO, likely as a regional adaptation to sea ice and bloom 
timing. One exception is Station 8 (Yermak Plateau), which recorded the 
lowest dextral abundance and few T. quinqueloba specimens. Its pe
ripheral location to the CAO suggests greater influence from Greenland 
and Barents Seas hydrography and phytoplankton bloom dynamics, 
differing from CAO conditions. This influence is consistent with North 
Atlantic Water advection into subsurface layers, as shown by Hillaire- 
Marcel et al. (2004), who documented distinct δ18O signatures across 
different size fractions of N. pachyderma from the Chukchi Sea and 
Northwest Atlantic sediments, reflecting water mass mixing and 
advection processes in the Central Arctic Ocean. The sea ice minimum 
recorded near Station 8 on September 10th 2021 (Vermassen et al., 
2025) likely influenced local dynamics, potentially affecting the sinis
tral:dextral abundance when compared to the other stations. One pos
sibility is that schizont reproduction had commenced earlier, as 
indicated by the larger Npd and Nps-5 test area sizes (~1.4 × 104 μm2; 
Fig. 4 and Supplementary Table 8) and 8.8 % dextral coiling. On the 
other hand, due to the region’s transitional hydrographic setting i.e. 
intermediate between the CAO and the Nordic Seas, the reproductive 
season including gamonts, agamonts, and schizonts may be extended in 
this region. This could result in a more gradual build-up of schizonts 
over time, rather than the sharp peak seen in the CAO. Therefore, when 
sampled, Station 8 may have been at an earlier stage of its own schizont 
succession, even if schizont reproduction had started earlier than in the 
CAO. In this scenario, we are suggesting a slower progression and 
potentially lower peak abundance in schizonts due to milder environ
mental conditions. Neither can be excluded at this stage.

Together, these observations support incorporating the schizont 
cycle into the reproductive framework of N. pachyderma as an adapta
tion to the CAO’s extreme, perennially sea-ice covered environment. 

High numbers of both dextral and sinistral schizonts with small proloculi 
suggest that successive schizont generations sustain populations when 
the seasonal time window for sexual reproduction is too short to support 
multiple gamont-agamont reproductive cycles. This reproductive flexi
bility would reinforce N. pachyderma’s ability to persist in resource- 
limited environments, such as under perennial sea ice, where succes
sive clonal schizont reproduction would enhance population stability 
and survival.

4.3. Mismatch between dextral coilers in the water column versus surface 
sediments

A further key observation in our Central Arctic studies is the higher 
proportions of dextral coiling specimens in the central Arctic water 
column compared to underlying sediments, which in this study range 
between 5.3 % to 6.2 % (Supplementary Table 3). These water column 
specimens are also generally smaller in size than their sediment coun
terparts (Fig. 4), suggesting they represent an earlier life stage or an 
active reproductive phase. Additionally, the discrepancy may partly 
reflect a proportion of N. pachyderma specimens failing to grow and 
develop to maturity (Meilland et al., 2022), making them more sus
ceptible to dissolution in the water column and sediment due to their 
thin tests. Immature tests are thin walled (Plate 3) and only a proportion 
of both dextral and sinistral coiling specimens are likely to reach 
maturity to reproduce in the challenging environment of the CAO. Prior 
to reproduction, mature sinistral gamonts are known to thicken their 
tests prior to gamete release, which makes them much more resistant to 
dissolution in the water column and sediment (Plate 2, Figs. 16, 17). 
However, it is unknown how resistant mature schizont tests are to 
dissolution. Although Npd tests exhibited a similar scale of morpho
logical variability to sinistral morphotypes (Plate 1, Figs. 15–19 and 
Plate 2, Figs. 16–20), schizonts may not necessarily produce a secondary 
calcite layer prior to offspring release. Meilland et al. (2024) report that 
all the agamonts and schizont parent tests that reproduced in culture by 
multiple fission had thin translucent tests. However, the agamonts with 
the Large proloculus do persist in the sediments, since they represent the 
<3 % dextral coiling specimens observed throughout the fossil assem
blages, except for the CAO. Whether the slightly elevated dextral per
centages observed in the CAO core tops persist downcore may address 
this dissolution question.

The production of schizonts may also be seasonal as we speculate, 
though always produced in parallel with sinistral gamont production, 
since the gamonts constitute a substantial component of the CAO water 
column assemblages in this study. The timing of the SAS-Oden 2021 
sampling might therefore have coincided with an asexual schizont 
reproduction event, increasing the dextral coiling signature of the 
assemblage at the time of sampling.

Although there is a large mismatch between the water column pro
portions of dextrally coiled N. pachyderma and the expected maximum 3 
% aberrant coiling paradigm (Darling et al., 2006), as well as between 
the abundance of dextral coilers in the water column compared to the 
seafloor, most seafloor samples in this study also show marginally higher 
aberrant coiling than the 3 % paradigm (Darling et al., 2006). This is not 
a unique observation for the CAO, with various studies reporting de
viations in different Arctic regions. Dextral coiling specimens are 
recorded at frequencies of ca. 4 % in the Canadian Arctic Archipelago 
(>63 μm fraction) (El Bani Altuna et al., 2018), 2–7 % in the Siberian 
and Central Arctic Ocean (>150 μm fraction, there referred to as 
N. incompta; Prabhakar et al., 2024) and 3.1–9.1 % from the Central 
Lomonosov Ridge/Amundsen Basin (>63 μm fraction; Nørgaard-Ped
ersen et al., 2007). The sediment relative abundances of dextral-coilers 
from our SAS-Oden 2021 study falls within the range of these reported 
literature values, where average sediment dextral coiling is 5.8 %, 
reaching a maximum of 6.2 % at Station 1 (Supplementary Table 6). The 
extent to which this signal persists in downcore CAO sediments remains 
unknown. We propose that this deviation from the 3 % aberrant coiling 
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paradigm (Darling et al., 2006) in the CAO sediments represents the 
signature of regional schizont production, which may be unique to the 
central Arctic waters.

A key difference between our water column populations and sedi
ment samples is the higher abundance of immature specimens in the 
water column, evidenced by the large proportion of Npd and Nps-5 and 
their smaller size (Fig. 4, Supplementary Table 8). In contrast, the sed
iments are characterised with the higher abundance of more mature 
forms (Nps-1 through Nps-4). This water column-sediment mismatch 
was also identified in the Northeast Water Polynya, offshore north
eastern Greenland (Kohfeld et al., 1996). The mismatch is likely due to 
the plankton nets capturing a seasonal snapshot with multiple life 
stages, in contrast with surface sediments that preserve death assem
blages dominated by mature individuals averaged over years to decades.

4.4. Palaeoceanographic significance of N. pachyderma morphotypes 
including aberrant coilers

Beyond the need to distinguish N. pachyderma dextral (Npd) from 
N. incompta, critical to avoiding erroneous warm-water signals, under
standing the habitat and calcification depth of N. pachyderma in ice- 
covered regions is also essential for other types of palaeoceanographic 
analysis, particularly geochemical reconstructions of stratified water- 
masses (e.g. δ18O, δ13C, δ15N) (Xiao et al., 2014; Farmer et al., 2021). 
Our plankton distributions can provide useful insights in this context. 
Previous studies have speculated that the different N. pachyderma 
morphotypes reflect different ecologies or depth habitats potentially 
adding nuance to Arctic geochemical reconstructions (e.g. Hillaire- 
Marcel et al., 2004). The few existing δ18O and δ13C studies involving 
multi-morphotype δ18O and δ13C separations, however, produce 
diverging results. For example, δ18O and δ13C measured on sedimented 
N. pachyderma by El Bani Altuna et al. (2018) suggested that Nps-5 
indicated deeper surface waters compared to Nps-1 through Nps-4. In 
contrast, Prabhakar et al. (2024) found little difference in isotopic 
measurements between the morphotypes, including Nps-5 (their Nps-3), 
suggesting that separating morphotypes may not be necessary for δ18O 
and δ13C analyses. Our own water column morphotype distributions 
support this latter view: we observe no clear depth differentiation for 
Nps-1 through Nps-4, which are the heavily encrusted forms most 
common in the sediment. Instead, our data suggest the gametogenic 
calcite forming these morphotypes is generally added below 200 m 
depth (Fig. 2). Stable isotope analyses on the plankton tow specimens 
are beyond the scope of this work, but would be essential to further 
clarifying these patterns.

The (mis)identification of N. incompta in the CAO has already 
occurred in the literature. Prabhakar et al. (2024) referred to the dextral 
coiling morphotype recorded in their samples from the central and Si
berian Arctic as N. incompta, on the grounds that their sediment-sample 
dextral:sinistral coiling ratio exceeds the 3 % aberrant coiling 
N. pachyderma threshold, although no actual count data is presented in 
the study. We are not convinced this is true N. incompta and suggest it 
may instead be dextral coiling N. pachyderma, based on the observations 
made in this study. Neogloboquadrina incompta is well documented as 
being confined to the subpolar transitional waters between polar and 
temperate zones in the North Atlantic (e.g. Greco et al., 2021b). 
Although Atlantification is progressing northward (e.g., Polyakov et al., 
2017; Ingvaldsen et al., 2021), N. incompta is highly unlikely to be 
present in the CAO water column at temperatures as low as − 1.5 ◦C 
(Vermassen et al., 2025), either today or anytime during the Holocene 
(Siccha and Kucera, 2017). While N. incompta has been recorded in the 
southern Barents Sea over the past three millennia, it remains virtually 
absent from the northern Barents Sea, highlighting a persistent 
biogeographic boundary between the high latitude North Atlantic and 
the CAO (Anglada-Ortiz et al., 2025). In subpolar assemblages, 
N. incompta would also be accompanied by significant proportions of the 
other subpolar species such as, Globigerina bulloides (e.g. Greco et al., 

2021b), which is not reported in Prabhakar et al. (2024), and 
T. quinqueloba (e.g. Ofstad et al., 2021). All genotyping of N. pachyderma 
(including Central Arctic N. pachyderma and coiling specimens) in both 
the Central Arctic (this study) and the Fram Strait (Bauch et al., 2003) 
has revealed a single genotype, N. pachyderma: Type 1a (Darling et al., 
2006, this study).

5. Conclusion

Our study is a comprehensive analysis of N. pachyderma in the central 
Arctic Ocean, focusing on its vertical distribution, morphotypes, size 
classes, and reproductive strategies under perennial sea-ice conditions. 
The findings of this study offer a deeper understanding of planktonic 
foraminifera dynamics in ice-covered regions and their implications for 
interpreting sediment records and climate reconstructions.

We observed that N. pachyderma dextral, considered rare (<3 %) in 
the water columns and sediments worldwide (Darling et al., 2006), were 
found at significantly higher proportions (up to 32.3 %) in the CAO 
water column. The dextral coilers are not N. incompta and we propose 
that they are asexually produced clonal schizonts, as demonstrated in 
N. pachyderma cultures of Meilland et al. (2024), since all genotyped 
specimens in this study were identified as N. pachyderma. These findings 
support the hypothesis that N. pachyderma has a complex three 
component life cycle: a sexual gamont stage (Medium proloculus), an 
asexual agamont stage (Large proloculus), and a secondary asexual stage 
producing schizonts (Small proloculus). The high abundance of dextral 
coiling N. pachyderma with a Small proloculus are interpreted as being 
an indicator of an active asexual clonal schizont cycle that occurred in 
parallel with the typical sexual/asexual cycle, based on proloculus size 
distributions from both previous culture studies and our new observa
tions in the CAO.

We propose that this reproductive strategy is an adaptation to 
extreme Arctic conditions, particularly under intense sea ice cover at the 
time of sampling. The longevity of schizonts and their capacity for rapid 
clonal reproduction would allow N. pachyderma Type 1a to quickly 
expand its population following winter dormancy, taking advantage of 
the brief summer bloom in the high Arctic. We suggest that schizonts 
initially produce gamonts during the early and median stages of the 
phytoplankton bloom, when food is abundant. As the bloom intensity 
decreases and environmental conditions become less favourable, 
N. pachyderma initiates the schizont cycle, alongside the agamont- 
gamont cycle. This late season schizont cycle increases the population 
standing stock ahead of winter, enhancing N. pachyderma’s overwinter 
survival under ice-covered, nutrient-limited conditions. The much lower 
abundance of dextral coilers in the underlying sediments (average 5.8 % 
across all stations) highlights that asexual schizont reproduction is a 
proportionately rare event associated with the late summer bloom.

From a palaeoceanographic perspective, misidentifying an elevated 
abundance of N. pachyderma dextral morphotypes as N. incompta could 
lead to erroneous palaeoclimate interpretations. While we do not rule 
out the potential of N. incompta, accompanied by other subpolar 
planktonic foraminifera, to invade the CAO in the future due to Atlan
tification and Arctic warming, we believe the dextral forms in this study 
are N. pachyderma. The high prevalence of dextral individuals in the 
CAO water column and raised dextral values in the CAO sediments 
challenges the <3 % paradigm being applied to the Arctic polar waters. 
This perspective should be considered before assigning dextrally coiled 
specimens to N. incompta in these regions.
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É., 2013. Parameterization of vertical chlorophyll in the Arctic Ocean: Impact of the 
subsurface chlorophyll maximum on regional, seasonal, and annual primary 
production estimates. Biogeosciences 10 (6), 4383–4404. https://doi.org/10.5194/ 
bg-10-4383-2013.

Ardyna, M., Babin, M., Gosselin, M., Devred, E., Rainville, L., Tremblay, J.-É., 2014. 
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