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Diversity of coccolithophores in the ocean:
insights from Syracosphaeraceae family
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Abstract

Coccolithophores are calcifying microalgae that play a vital role in marine ecosystems and biogeochemical cycles.
This manuscript reviews existing knowledge of their most diverse family, Syracosphaeraceae, and synthesizes data
from the comprehensive CASCADE dataset, which includes global coccolithophore surveys, along with an addi-
tional dataset from the Atlantic. It focuses on the distribution, life cycles, and ecological preferences of key species
within the genus Syracosphaera. By analyzing environmental factors such as temperature, nutrient availability, light,
and water stratification through a literature review of the source manuscripts included in the CASCADE database,
the study examines how these conditions shape species distributions and life stages. Seasonal variations in abun-
dance highlight the genus's ability to exploit diverse ecological niches, with species like Syracosphaera molischii
and Syracosphaera pulchra exhibiting remarkable adaptability. This review emphasizes the ecological significance
of Syracosphaera species in nutrient-poor tropical and subtropical waters, their resilience in polar regions, and their
critical role in the marine carbon cycle. It also provides a foundation for future research into their adaptability to cli-

mate change.
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Introduction

Coccolithophores are a diverse group of marine phy-
toplankton that play a crucial role in both marine eco-
systems and global biogeochemical cycles [1, 2]. These
unicellular algae produce calcium carbonate plates,
known as coccoliths, which significantly contribute to
the formation of marine sediments [3—5]. Moreover, coc-
colithophores are an important part of the ocean carbon
cycle, supporting the biological pump through photo-
synthesis and the carbonate pump via calcification [6].
This dual role emphasizes their importance in regulat-
ing ocean carbon cycle, particularly as their calcification
rates and population dynamics are highly sensitive to
climate-driven changes such as ocean acidification and
temperature variations [7].
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Coccolithophores are found throughout the world’s
oceans and thrive in a variety of environments, from
nutrient-rich upwelling zones to nutrient-poor oligo-
trophic waters [8] Among them, Gephyrocapsa huxleyi
(Emiliania huxleyi) is the most abundant species, form-
ing large blooms and serving as a primary model organ-
ism for research on coccolithophore biology, carbon
cycling and environmental interactions [9, 10]. Despite
this focus, coccolithophores represent a wide range of
species, with different ecological functions and morpho-
logical characteristics [11]. Lesser-known genera, like
Helicosphaera and Florisphaera, occupy specific niches
and may respond differently to environmental shifts in
temperature, acidity, and nutrients. Though often over-
looked, this diversity contributes significantly to car-
bonate production and is essential to a comprehensive
understanding of coccolithophore-driven carbon cycling
[12]. Understanding how the diverse coccolithophores
respond to climate-driven changes could be essential for
predicting the future of ocean carbon cycling.
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Overview of the Syracosphaeraceae

In this review we focus on the Syracosphaera genus,
belonging to the Syracosphaeraceae family. We give an
overview of this key group of coccolithophores which
is particularly well-suited for studying the effects of cli-
mate change due to their distribution in oligotrophic
(nutrient-poor) tropical and subtropical oceans [13, 14].
These regions, which include large subtropical gyres, are
projected to undergo significant alterations in sea surface
temperatures and nutrient dynamics as climate change
progresses [15, 16].

The Syracosphaeraceae family, particularly the genus
Syracosphaera, exhibits significant diversity, comprising
about 25% of all modern coccolithophore species [17, 18].
This morphological diversity reflects the evolutionary
complexity and adaptability of the family. Fossil evidence
has traced the origins of the order Syracosphaerales,
which includes Syracosphaeraceae, back to the Creta-
ceous period, highlighting their deep evolutionary his-
tory [19]. The survival and subsequent diversification of
Syracosphaeraceae and related families, such as Calcio-
soleniaceae and Rhabdosphaeraceae, through the Creta-
ceous-Paleogene mass extinction and into the Paleogene
further demonstrate their resilience [19]. This evolution-
ary success suggests that the Syracosphaeraceae family
possesses a notable capacity to adapt to environmental
changes, making them an important group for under-
standing how marine species may respond to future cli-
mate-driven shifts.

The Syracosphaeraceae family includes four gen-
era—Michaelsarsia, Ophiaster, Calciopappus, and
Syracosphaera—each distinguished by different mor-
phological characteristics (Fig. 1). Michaelsarsia, Ophi-
aster, and Calciopappus are classified based on their
armlike appendages, while Syracosphaera, the largest
extant genus, comprising of 36 species [13], is character-
ized by its exothecal coccolith morphology and the num-
ber of flanges on body coccoliths [20].

The genus Syracosphaera has a haplo-diplontic life
cycle, alternating between a haploid holococcolithophore
phase (HOL) and a diploid heterococcolithophore phase
(HET), which are morphologically distinct [21-24]. This
complex life cycle allows for niche expansion to vary-
ing environmental conditions, providing the flexibility
to occupy different ecological niches, i.e. oligotrophic
and stratified vs. eutrophic and well mixed. However,
holococcolith-bearing cells have not been identified in
the related genera—Michaelsarsia, Calciopappus, and
Ophiaster. This may reflect ecological and evolutionary
differences among these genera, influenced by varying
environmental pressures such as light availability, preda-
tion, and nutrient limitations, or could be due to a lack
of observational data on their life cycles. Studying the
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Fig. 1 Scanning electron micrographs representatives of the four
genera in the Syracosphaeraceae family: a Syracosphaera histrica
Kamptner, 1941; b Michaelsarsia elegans Gran, 1912; ¢ Calciopappus
rigidus Heimdal in Heimdal & Gaarder, 1981; d Ophiaster hydroideus
(Lohmann 1903) Lohmann, 1913

geographical distribution of these genera helps to under-
stand how Syracosphaeraceae have adapted and evolved
to thrive in contemporary ocean environments, particu-
larly in oligotrophic waters.

Morphological and physiological adaptations

of Syracosphaeraceae

One of the most distinctive features of Syracosphaer-
aceae species is their coccosphere architecture (Fig. 1).
Genera, such as Ophiaster, Michaelsarsia, and Calcio-
pappus, produce extracellular coccolith-based append-
ages [25, 26]. Though these structures resemble limbs,
they do not serve a function in swimming or food capture
[27]. Ophiaster has elongated, string-like appendages
composed of highly modified coccoliths extending from
the antapical pole, often coiled around the coccosphere
or extending radially. These appendages are passive, pos-
sibly uncoiling in response to stress to increase cell size
and deter grazers [27], which may contribute to their
global success and high abundance. In contrast, Michael-
sarsia and Calciopappus have appendages formed at the
flagellar pole, consisting of whorl coccoliths arranged in
a concavo-convex disk and spine-like structures [28, 29].
These appendages can be extended radially or swept back
to provide a streamlined profile, reducing drag while
swimming. This dynamic adjustment of appendage ori-
entation allows these genera to adapt to changing envi-
ronmental conditions [27].
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The genus Syracosphaera is distinguished by its double-
layered coccosphere architecture, a feature almost exclu-
sive to this genus and closely related genera, highlighting
its evolutionary significance [13]. The double-layered
coccosphere comprises: an inner endotheca and an outer
exotheca, formed by combining body, circum-flagellar,
and exothecal coccoliths [30, 31]. Each layer serves a dis-
tinct role. The endotheca, made up of endothecal cocco-
liths, provides fundamental structural support, creating a
protective layer around the plasma membrane to shield
vital cellular components from mechanical damage and
harmful ultraviolet radiation [32, 33].

The exotheca, composed of more elaborate coccoliths,
enhances the structural integrity of the coccosphere,
serves as the primary defense against physical damage
and predation, and helps regulate buoyancy to maintain
an optimal position in the water column for effective
light capture and nutrient uptake [27]. This buoyancy
regulation is especially beneficial in oligotrophic environ-
ments, where light and nutrients are often stratified, and
replacing lost cells is energetically costly. By altering the
arrangement and layering of exothecal coccoliths, Syra-
cosphaera cells could adjust the overall structure of their
coccosphere, which may indirectly fine-tune their buoy-
ancy and allow them to exploit zones with favorable light
and nutrient conditions. Moreover, the exothecal layer
increases the coccosphere size, potentially providing a
passive defense mechanism by exceeding the gape size of
small predators like microzooplankton. While the meta-
bolic costs of producing and maintaining this layer are
not negligible, the structural and ecological advantages
it provides—such as enhanced buoyancy regulation and
protection from predation—may outweigh these costs
under certain environmental conditions [11]. Unlike G.
huxleyi, which benefits from interlocking coccoliths and
polysaccharides that enhance mechanical stability [34],
Syracosphaera coccospheres lack interlocking coccoliths
and exhibit a more fragile structure in laboratory condi-
tions. Nevertheless, it is reasonable to presume that the
double-layered coccosphere still offers protection against
environmental fluctuations and mechanical stresses, such
as moderate turbulence and particle collisions, contrib-
uting to the resilience and adaptability of Syracosphaera
species in diverse marine environments.

Life cycle flexibility

The genus Syracosphaera demonstrates adaptability to
changing environmental conditions through its haplo-
diplontic life cycle. This dual life cycle, alternating
between haploid holococcolithophore (HOL) and dip-
loid heterococcolithophore (HET) phases, plays a crucial
role in helping the species thrive under changing envi-
ronmental conditions by exploiting different ecological
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niches [35, 36]. Moreover, each phase has distinct mor-
phological and physiological traits that are suited to spe-
cific environmental contexts, allowing Syracosphaera
species to optimize their survival strategy.

In nutrient-poor waters, the haploid HOL phase is
thought to offer significant advantages. HOL cells pro-
duce holococcoliths that are smaller and more uniform in
shape, leading to reduced calcification, lower metabolic
demands, and improved efficiency in nutrient uptake,
which is particularly beneficial in oligotrophic environ-
ments [24, 37]. Furthermore, the lower calcification helps
these cells maintain buoyancy, reducing their sinking rate
and keeping them in well-lit surface layers where light
is abundant but nutrients are limited, allowing them to
maximize photosynthetic efficiency [21]. HOL cells may
also engage in mixotrophy, enhancing their nutritional
versatility in nutrient-poor surface waters. The diploid
HET phase, characterized by larger, morphologically
complex heterococcoliths, is considered to be better
suited for deeper waters with more stable conditions and
higher nutrient concentrations. HET cells are more resil-
ient to environmental stressors such as low light and var-
ying nutrient availability, enabling them to thrive where
the metabolic costs of calcification can be sustained [24].

The ability of Syracosphaera to switch between life
cycle stages, and exploit different ecological niches is
key to maintaining population stability under fluctuating
environmental conditions. These adaptive strategies are
crucial for their ongoing survival and ecological success
in the dynamic marine environment, particularly in oli-
gotrophic waters where resources are limited and envi-
ronmental conditions are variable.

Material and methods

Datasets used

The geographical distribution of species provides criti-
cal insights into their ecological roles and habitat prefer-
ences. Hence, we extracted abundance and distribution
data of different genera and species of the Syracosphaer-
aceae family from available datasets (Fig. 2). CASCADE is
a global dataset covering 139 coccolithophore taxonomic
units with information on their abundance, size, carbon
content, and distribution from 1964 to 2019 (version
v0.1.3). It includes 33,119 gridded observations spanning
all ocean basins up to 275 m deep, detailing both organic
and inorganic carbon stocks and spatiotemporal patterns
of these units [38].

Additionally, we used an unpublished dataset from the
2018 Atlantic CoccoMix cruise [39] that is available in the
supplementary data (Supplementary Table 1, 2). For this,
samples were collected with R/V Endeavor cruise #616
from 3 to 15 July 2018. For coccolithophore counts at
each station eight depths were sampled with 10-L Niskin
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samples and total of 32 samples were collected (Supple-
mentary Table 1). 100 mL was filtered on PC filters with
a diameter of 25 mm with pores of 0.4 pm diameter. The
filters were dried in an oven overnight at 60 °C. For iden-
tification and enumeration of coccolithophorids and
coccoliths, subsections of PC filters were mounted on
aluminum stubs using a carbon adhesive pad, coated with
gold (~20 nm) and analyzed using a ZEIS EVO 10 scan-
ning electron microscope (SEM) (Zeiss, Jena, Germany).
Between 73 and 971 fields per sample were examined at
2000 x magnification to record at least 100 coccolitho-
phore cells, with more fields analyzed in low-abundance
samples. Coccolithophore abundance was calculated
using SEM counts following the method of Bollmann
et al. [40]. Species identification followed Young et al.
[17], and Nannotax 3 [18].

Data processing

To better understand ecological roles and adapta-
tions, we examined both the genera-specific and
species-specific distribution patterns of Syracosphaer-
aceae. We extracted abundance and distribution data
from concatenated datasets within the CASCADE
Zenodo archive [38] which we combined with the Coc-
comix dataset (Supplementary Table 1,2). We filtered
the combined dataset based on genus name to obtain
separate datasets for the four genera (Syracosphaera,
Michaelsarsia, Ophiaster and Calciopappus). From the
filtered dataset with Syracosphaera genus abundances,
we plotted the cumulative abundance of each recorded
species, along with the species’ occurrences in the ref-
erence datasets covered by CASCADE and Coccomix
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(Fig. 3). Furthermore, we conducted a detailed analy-
sis of the 13 Syracosphaera species with the highest
cumulative abundance. The high abundance of these
species likely accounts for a greater contribution to bio-
geochemical cycles. The analysis provided insights into
the abundance and distribution of these species across
multiple oceanic regions and life stages.

Literature review

The datasets mentioned above did not include environ-
mental data such as temperature, salinity, or nutrient
concentrations, making it impossible to directly deter-
mine the environmental preferences of the investigated
species. To address this limitation, we conducted a lit-
erature review using the Scopus database, searching
for each species by name. We systematically examined
the retrieved studies and selected those that reported
data on both species abundance and environmental
parameters in natural populations. The results of these
queries for each species are presented in Table 1, and
the extracted information from the selected studies is
incorporated into this study and in full detail in Sup-
plementary Section 1.

Results

Global distribution of genera in the Syracosphaeraceae
family

Genera within the Syracosphaeraceae family are found
across various oceanic regions, reflecting their adaptabil-
ity to diverse marine environments.

0° 60°E
Longitude

120°E 180°E

Fig. 2 Global distribution of sampling sites covered in this review, derived from the CASCADE and CoccoMix datasets. Each green dot represents
a sampling location, illustrating extensive coverage across all major ocean basins, from polar to tropical regions. Dense sampling is observed
in the North Atlantic, Mediterranean Sea, and along key oceanographic transects such as the Atlantic Meridional Transect (AMT)
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Fig. 3 Overview of recorded total abundances of Syracosphaera species from the CASCADE database and CoccoMix dataset. The left panel shows
the presence of species across different studies, with references coded by the first author's name and year of publication as reported in CASCADE,
while data from CoccoMix is labeled as Balch2023. Each black dot represents the occurrence of a species in a given study. The right panel displays
the total abundance of each species (cells L"), highlighting the most frequently recorded and abundant species, such as S. molischii, S. pulchra,
and S. rotula
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Table 1 Overview of species included in the literature review,
showing the corresponding access dates and references for each
species. References include studies that provided data on species
distribution, abundance, and ecological preferences, as extracted
from the literature review conducted for this study

Species Access date References

S. molischii (HET,HOL) 7 Nov 2024 [32, 41-46]

S. pulchra (HET,HOL) 7 Nov 2024 [23,41,42,44-56]

S. rotula (HET) 7 Nov 2024 [57,58]

S. histrica (HET,HOL) 7 Nov 2024 [23,41,44, 46, 58, 59]

S.ossa (HET) 7 Nov 2024 [23,41,42,60]

S. arethusae (HET,HOL) 7 Nov 2024 [22, 23,42, 59, 60]

S. mediterranea (HET,HOL) 8 Nov 2024 [22,23,41,42,46,47,
52-54,58,61,62]

S. protrudens (HET) 8 Nov 2024 [41,42, 58, 59]

S. nodosa (HET) 8 Nov 2024 [23,41,59]

S. corolla (HET) 8 Nov 2024 [23]

S. marginiporata (HET,HOL) 8 Nov 2024 [41, 63, 64]

S. halldalii (HET) 8 Nov 2024 [22,42,60, 65]

S.anthos (HET,HOL) 8 Nov 2024 [22,41,42,44, 58]

Page 6 of 11

The map of Syracosphaera genus abundance (Fig. 4a)
shows a widespread presence in both tropical and sub-
tropical regions, reinforcing the genus’s ecological
importance in nutrient-poor marine environments. Both
life cycle phases are noted for this genus, with holococ-
colithophores typically found in surface waters while het-
erococcolithophores are more commonly associated with
deeper waters. The spatial segregation of these life stages,
as seen in Fig. 3a, reflects their responses to light avail-
ability, temperature fluctuations, and nutrient concentra-
tions [32].

The Michaelsarsia genus (Fig. 4b) is primarily con-
centrated in subtropical and temperate regions, where
nutrient levels are typically low. Its presence in these
oligotrophic waters may indicate the use of ecological
strategies similar to those observed in other coccolitho-
phores, such as mixotrophy—combining photosynthesis
with organic nutrient uptake—to sustain growth under
nutrient-limited conditions [37]. It is also possible that
Michaelsarsia relies on efficient nutrient acquisition
and utilization processes, such as enhanced uptake of
nitrogen and phosphorus, to adapt to these challenging
environments [66]. These potential strategies could con-
tribute to its ability to persist in nutrient-scarce waters,
though further research is needed to confirm the specific
mechanisms involved.
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Fig. 4 Global distribution of heterococcolithophores (HET, blue dots) and holococcolithophores (HOL, red dots) for four Syracosphaeraceae
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The Calciopappus genus (Fig. 4c) displays a more
restricted distribution, with notable abundance in high-
latitude regions, indicating a potential adaptation to
colder waters. These regions are typically associated with
seasonal nutrient availability, and the genus’s ability to
survive in such environments highlights its flexibility in
temperature tolerance and nutrient acquisition strate-
gies [8]. The genus’s distribution from polar to temper-
ate zones may also reflect evolutionary pressures related
to ocean circulation patterns and regional nutrient
dynamics.

In contrast, the Ophiaster genus (Fig. 4d) exhibits a
broader distribution, implying that Ophiaster is better
adapted to variable nutrient regimes, thriving in both
nutrient-rich upwelling zones and nutrient-poor subtrop-
ical gyres [67]. Furthermore, the Ophiaster genus exhib-
its the highest abundance of the four Syracosphaeraceae
genera, reaching up to 1.5 x 10° cells/L (Fig. 3d), which is
up to two orders of magnitude higher than abundances of
the other genera. Such dominance in terms of abundance
across different oceanic regions indicates that species of
the Ophiaster genus possibly developed regionally spe-
cific adaptations that enable each population to thrive in
its specific environment [27].

The widespread presence of genera like Syracosphaera
and Ophiaster in oligotrophic regions suggests a strong
adaptation to low-nutrient environments, likely through

HET
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nutrient cycling efficiencies, calcification, and mixo-
trophic strategies [32, 37].

Species-specific distribution patterns and ecological
preferences of Syracosphaera genus
In addition to understanding the broader genus-level
distributions of Syracosphaera, it is essential to examine
the species-specific distribution patterns to gain a deeper
understanding of their ecological roles and adaptations in
various marine environments. The key findings highlight
species-specific adaptations related to temperature, nutri-
ent availability, light conditions, and vertical distribution
(Fig. 5). In the supplementary material we give a detailed
overview of distribution and ecological preferences gath-
ered from the literature review for each species (Supple-
mentary Sect. 1). Here we only summarise these findings.
Nutrient availability plays a critical role in shaping the
distribution of these species. The HOL phases of most
species, such as S. histrica, S. arethusae, and S. anthos,
consistently prefer oligotrophic conditions, as evidenced
by negative correlations with nitrate, phosphate, and
chlorophyll a. In contrast, HET phases exhibit more vari-
able responses to nutrient concentrations. Some species,
like S. halldalii and S. ossa, display positive correlations
with phosphate and silicate, thriving in nutrient-rich
environments during bloom events. Others, such as S.
pulchra and S. mediterranea, demonstrate flexibility,

HOL

s. molischi—[ll-J—— - —

S. pulchra—

—— il

S. rotula— _._.7
S. histrica—[l—J—— -
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S. arethusae— —.— u

S. mediterranea— —D— —D—
S. protrudens—-_._.i

-
-
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S. corolla—
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High Temperature
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Lack of results

. Broader tolerance

S. marginiporata—.—-—.—._D_
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Fig.5 Environmental preferences of Syracosphaera species for heterococcolithophore (HET) and holococcolithophore (HOL) life cycle stages.
The squares represent associations with key environmental factors: high nutrient (dark green), low nutrient (light green), high temperature (pink),
low temperature (blue), broad tolerance (dark gray), and lack of results (light gray). The diagram illustrates species-specific variability in nutrient
and temperature preferences, as well as differences between HET and HOL phases
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occurring in both low- and moderate-nutrient conditions
depending on regional dynamics and seasonal changes.

The temperature preferences of Syracosphaera spe-
cies are diverse, reflecting broad ecological adaptability.
Some species, such as S. corolla and S. marginiporata,
exhibit wide thermal tolerances, thriving from polar to
tropical regions. Others show clearer thermal prefer-
ences; for example, S. pulchra and S. mediterranea are
predominantly associated with warm, subtropical waters,
particularly under stratified summer conditions. In con-
trast, species like S. anthos (HET phase) and S. rotula are
more adapted to cooler environments, frequently found
in temperate frontal zones or in the lower photic layers
where light and temperature decrease.

A vertical separation between the life cycle stages is
evident. HET forms, including species like S. anthos
and S. marginiporata, are commonly found in the lower
photic zone, where light is limited and conditions are
cooler. These forms are adapted to low-light environ-
ments, often occurring at depths exceeding 50 m. Con-
versely, HOL forms typically dominate the upper photic
zone, thriving in well-lit, stratified waters. This vertical
niche partitioning reflects differences in light require-
ments, with HOL forms generally favoring high-light
conditions and HET forms showing greater tolerance for
low-light environments.

Seasonal dynamics further influence the distribution
of Syracosphaera species. HET phases tend to dominate
during winter or early spring, capitalizing on nutrient-
rich conditions following seasonal mixing events. In con-
trast, HOL phases peak during summer and late spring,
coinciding with stratified, oligotrophic conditions. For
example, S. arethusae and S. marginiporata exhibit
opposing seasonal preferences, with HET more abundant
in winter and HOL confined to summer, indicating sea-
sonal niche partitioning. In some cases, such as with S.
halldalii, HET blooms occur even during summer strati-
fication, suggesting that nutrient pulses from estuarine
inputs or other localized factors can trigger blooms in
otherwise oligotrophic environments.

Life cycle adaptations play a significant role in envi-
ronmental responses. Species like S. mediterranea and
S. pulchra exhibit remarkable ecological flexibility, with
both HET and HOL phases capable of adapting to var-
ied environmental conditions. This adaptability is often
facilitated by life cycle transitions that allow the species
to exploit different temperature regimes and nutrient lev-
els. In species such as S. histrica and S. anthos, the co-
occurrence of HET and HOL phases suggests that both
forms can thrive under similar environmental conditions,
although subtle differences in light, depth, or nutrient
preferences drive niche differentiation.
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Regional variability is also prominent. Species like S.
nodosa and S. protrudens display contrasting environ-
mental preferences across different oceanic regions.
For instance, S. nodosa shows positive correlations with
nutrient concentrations in the Aegean Sea but exhibits
no clear environmental associations in the Adriatic Sea.
Similarly, S. protrudens thrives in nutrient-rich condi-
tions in the Indian Ocean but prefers oligotrophic waters
in the Mediterranean. These regional differences under-
score the importance of local environmental factors in
shaping species distributions and highlight the need
for more comprehensive studies across diverse marine
ecosystems.

In conclusion, the environmental preferences of Syra-
cosphaera species are shaped by a combination of tem-
perature, nutrient availability, light conditions, and
seasonal dynamics. HOL forms predominantly favor
oligotrophic, warm, stratified environments with high
light availability, while HET forms exhibit greater envi-
ronmental plasticity, adapting to broader temperature
ranges, variable nutrient conditions, and lower light envi-
ronments in deeper layers.

Discussion

The genus Syracosphaera demonstrates remarkable
adaptability across diverse marine environments, largely
due to the complementary ecological roles of its two life
cycle phases: the haploid holococcolithophore (HOL)
and the diploid heterococcolithophore (HET). These
phases exploit distinct environmental niches, enhanc-
ing the genus’s ecological flexibility and resilience. HOL
phases, characterized by reduced calcification and lower
metabolic demands, thrive in nutrient-poor, well-lit sur-
face waters typical of oligotrophic regions. Their adapta-
tions support survival under stratified conditions where
light is abundant, but nutrients are limited. In contrast,
HET phases, with their larger, more robust structures,
are better suited to deeper, nutrient-rich waters, where
they capitalize on higher nutrient availability to support
calcification and growth. This spatial and temporal niche
partitioning enables Syracosphaera to maintain stable
populations year-round.

Species-specific patterns further illustrate this adapt-
ability. For example, S. molischii exhibits clear seasonal
dynamics, with HOL phases dominating surface waters
in spring and HET phases prevalent in nutrient-enriched
winter waters [41]. Similarly, S. pulchra demonstrates
ecological versatility, thriving in warm, stratified environ-
ments as HOL and adapting to nutrient-rich upwelling
zones as HET. This life cycle plasticity is a key driver of
the genus’s broad biogeographical distribution. While
some species, like S. histrica and S. arethusae, show
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distinct environmental preferences between life stages,
others exhibit overlapping ecological niches. This sug-
gests that while HOL and HET phases generally occupy
different habitats, they retain some capacity to coex-
ist under similar conditions, reflecting nuanced envi-
ronmental tolerances. The dual-phase strategy not only
supports ecological success but also influences marine
biogeochemical cycles. HOL phases contribute to pri-
mary production in oligotrophic waters, while HET
phases play a significant role in calcification and carbon
sequestration in nutrient-rich regions. This dual contri-
bution enhances Syracosphaera’s role in both organic and
inorganic carbon cycling.

Understanding the environmental drivers that shape
the distribution and ecological roles of Syracosphaera
life stages is critical, particularly in the context of cli-
mate change. Their ability to adapt to dynamic condi-
tions, including increased stratification and nutrient
limitation, highlights their potential resilience. As such,
Syracosphaera serves as a valuable model for studying the
adaptability of marine organisms to shifting oceanic envi-
ronments and their implications for global carbon cycles.

Current gaps in research and future directions

Despite their significant role in marine ecosystems,
substantial gaps remain in our understanding of Syra-
cosphaeraceae biology and their contributions to carbon
sequestration. Enhancing our knowledge of their eco-
logical roles, adaptability, and resilience is essential for
predicting how they will respond to the unprecedented
environmental changes affecting our oceans. Key ques-
tions include their potential responses to increased ocean
acidification and warming temperatures, as well as the
unique contributions of each life stage—holococcolitho-
phore (HOL) and heterococcolithophore (HET)—to both
organic and inorganic carbon cycling. Examining these
distinct roles will provide a more comprehensive view
of their influence on the marine carbon cycle and their
adaptability to shifting environmental conditions.

A critical barrier to research on Syracosphaeraceae
biology is the limited availability of cultured specimens.
Currently, only S. pulchra is accessible through public
culture collections, which restricts comparative stud-
ies across species and life stages. Expanding cultivation
efforts to include more Syracosphaeraceae species and
both HOL and HET life stages would allow for more con-
trolled experimental studies, facilitating detailed investi-
gations into their physiological and ecological responses
to environmental stressors. By enabling researchers to
work with a wider range of species, expanded cultiva-
tion will also help in studying species-specific adapta-
tions and life-cycle transitions, both of which are crucial
for understanding their resilience in a changing ocean.
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Consequently, with broader access to cultivated strains,
genomic research on Syracosphaeraceae could be sig-
nificantly advanced. Molecular and genetic studies are
particularly promising for elucidating the mechanisms
that underpin these organisms’ unique adaptive strate-
gies, such as calcification, nutrient uptake, and life-cycle
transitions. Identifying the genes responsible for these
processes could reveal traits that enhance their resilience
to ocean acidification, shedding light on the potential for
certain species to continue calcifying even as ocean pH
decreases. Genomic insights will be essential to under-
standing how Syracosphaeraceae species respond to
stressors associated with climate change and how these
responses might vary across species and life stages.
Another research priority is addressing the significant
data gaps in Syracosphaeraceae distribution records.
Databases like CASCADE lack comprehensive environ-
mental correlations and distribution records for many
species, especially in the holococcolithophore (HOL)
stages. Conducting targeted field studies to map the dis-
tribution and abundance of specific species—particularly
those that are under-documented—will provide a more
complete understanding of the environmental factors
governing their distribution. Filling these data gaps will
enable researchers to better assess the potential for shifts
in Syracosphaeraceae populations in response to envi-
ronmental changes, offering insights into their ecological
adaptability and resilience. Furthermore, expanding our
knowledge of Syracosphaeraceae’s adaptability to nutri-
ent availability and their role in nutrient cycling, particu-
larly through mixotrophy, is essential. Mixotrophy allows
these organisms to survive in nutrient-poor (oligotrophic)
environments by combining photosynthesis with nutri-
ent absorption from external sources. Future research
should aim to clarify the prevalence and ecological role
of mixotrophy across different genera and seasons, as
this behavior could prove essential for their survival in
increasingly stratified and nutrient-limited oceans [39].
By understanding the specific environmental conditions
that trigger mixotrophic behavior, researchers could gain
insight into how Syracosphaeraceae contribute to nutri-
ent cycling, primary productivity, and ecosystem stability
in oligotrophic regions. To further improve predictions
about the future distribution and ecological impact of
Syracosphaeraceae, it is crucial to enhance biogeochemi-
cal models that account for their roles in carbon cycling.
These models must incorporate species-specific data on
their geographic distribution, seasonal abundance, and
environmental sensitivities. Integrating data on their
contribution to carbon cycling and nutrient dynamics,
particularly in oligotrophic regions, will make these mod-
els more accurate in forecasting the effects of climate
change on global biogeochemical cycles. By improving
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our capacity to predict shifts in Syracosphaeraceae popu-
lations and distribution patterns, these enhanced models
will also inform conservation and management strategies
for marine ecosystems.

In summary, advancing research on the Syracosphaer-
aceae family—through enhanced cultivation efforts,
genomic and molecular studies, refined biogeochemical
models, and more complete distribution records—will
significantly deepen our understanding of these criti-
cal marine organisms. These research efforts will support
more accurate predictions of Syracosphaeraceae responses
to climate change, contribute to informed conservation
and management practices, and help safeguard the balance
of marine biogeochemical cycles and ecosystem health in
an increasingly dynamic ocean.
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