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Abstract
The last two decades have shown the importance of Rhizaria in the biogeochemical cycles of carbon and sili-

con in modern oceans. This eukaryotic supergroup, which includes Radiolaria and Phaeodaria, represents an
important part of zooplanktonic carbon biomass and contributes to carbon and silica export. Still, accurate esti-
mations of their carbon biomass are hindered by poor knowledge of their elemental composition, contrasting
with well-established allometric carbon-to-volume relationships for smaller protists such as phytoplankton.
Here, we directly measured carbon, nitrogen, and biogenic silica content as well as silicon uptake rates of plank-
tonic Rhizaria. We highlight that size can be used as a predictor of elemental content for a broad variety of
planktonic Rhizaria ranging from 200 μm to several mm, whereas size is weakly correlated with silicon uptake
rates. Our results indicate that the scaling exponent of the carbon-to-volume allometry is significantly lower
than those for smaller protists, underlining the low carbon strategy of these organisms. Still, we show that car-
bon and nitrogen densities span over four orders of magnitude, possibly accounting for the differences in depth
ranges, nutritional modes and colonial or solitary forms. We estimate Rhizaria sinking speeds by combining car-
bon, nitrogen, and silica content data and show that great variability exists among the different taxa. Besides
giving a better understanding of rhizarian ecology and biogeochemistry, these analyses, at the individual scale,
are a first step to subsequent biomass and flux estimations at larger scales.

Marine plankton are a major reservoir of organic carbon
(C) and nitrogen (N) and the main driver of the biological car-
bon pump, one of the mechanisms by which atmospheric CO2

is transported to the deep ocean (Ducklow et al. 2001). In addi-
tion, many planktonic taxa require silicic acid to precipitate into
biogenic silica (biogenic Si) to form skeletons, a process that has
likely been responsible for a decline in silicic acid concentration
in the oceans through geologic times (Siever et al. 1991).

Therefore, knowledge of small-scale planktonic physiological
processes is crucial for understanding the functioning of global
oceanic biogeochemistry. Besides giving insights into organisms’
physiology, quantifying the elemental composition and uptake
rates of planktonic individuals is a key step to subsequently esti-
mate stocks and fluxes at the population level. Allometric rela-
tionships scale traits of organisms with morphological criteria
such as size over many orders of magnitude and are used for
almost all forms of life (Brown et al. 2002). Accordingly, they
enable elemental composition-to-volume relationships to pro-
vide trends that can be utilized in models. Indeed, size is a com-
mon trait in plankton community models (Finkel et al. 2009;
Andersen et al. 2015) as well as in size-based ecosystem models
(Blanchard et al. 2017), stressing the strength of this approach
to provide model parameters. Allometric relationships linking
individual C and N contents to cell volume relationships have
been developed for diatoms and various protists; however, they
are likely to overestimate elemental content of large protists
such as Rhizaria (Menden-Deuer and Lessard 2000).

Planktonic representatives of Rhizaria are unicellular pro-
tists, with cell sizes ranging from a few tens of micrometers to
several millimeters (Biard 2022a). Among them, Retaria
includes Foraminifera and Radiolaria (Sierra et al. 2013).
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Foraminifera build calcium carbonate skeletons, whereas
among Radiolaria, the skeleton is made of strontium sulfate
for the order Acantharia and biogenic Si for the orders
Nassellaria, Spumellaria, Collodaria, and Orodaria (Nakamura
and Suzuki 2015; Suzuki and Not 2015; Biard 2022b). Pha-
eodaria, whose skeletons are made of biogenic Si, have long
been considered radiolarians, but are now classified as Cer-
cozoa, a sister group to Retaria (Sierra et al. 2013). Most
rhizarians live as solitary cells, but some (e.g., collodarian fam-
ilies Collosphaeridae and Sphaerozoidae and the phaeodarian
families Tuscaroridae and Medusettidae) are able to form large
colonies (Nakamura and Suzuki 2015; Suzuki and Not 2015).

Despite their close morphologies, Phaeodaria and siliceous
Radiolaria differ in their skeletal structure (Nakamura et al. 2018).
Phaeodaria have porous skeletons that easily dissolve in seawater,
whereas Radiolaria possess thick, dense skeletons that can pre-
serve well in sediments and are commonly used in paleoclimate
studies (De Wever et al. 2002). Even though diatoms account for
the largest part of the biomass and production of biogenic Si
(Tréguer et al. 2021), siliceous Rhizaria (i.e., siliceous Radiolaria
and Phaeodaria) are the most silicified pelagic organisms known
to date, considering the amount of silica per unit volume (Biard
et al. 2018; Llopis-Monferrer et al. 2020). Partially because of
these high biogenic Si densities, their skeleton is expected to act
as ballast upon their death. Ultimately, skeletal remains increase
fluxes of organic C and biogenic Si to the deep ocean, which will
be integrated in seafloor sediments if not dissolved or
remineralized on the way.

Siliceous Rhizaria inhabit the open ocean worldwide from the
surface to the bathypelagic realm (Nakamura and Suzuki 2015;
Suzuki and Not 2015; Biard 2022b). Their distribution is taxon
dependent and influenced mostly by temperature, dissolved Si
concentration and the amount of food available (Boltovskoy and
Correa 2016; Biard and Ohman 2020). Although they all are het-
erotrophic, epipelagic radiolarian populations include many
mixotrophic species, harboring a large diversity of algal symbi-
onts (Decelle et al. 2015). On the other hand, deep-living
populations are strictly heterotrophic, some also feed on sinking
marine snow (Gowing 1986). For example, the phaeodarian fam-
ily Aulosphaeridae can intercept on average 10% of total sinking
flux at the depth of their maximum abundance, therefore reduc-
ing the efficiency of the biological carbon pump (Stukel
et al. 2018). Despite their widespread occurrence in pelagic eco-
systems, sampling and culturing them are challenging, hamper-
ing our knowledge of their biology and ecology. Still, over the
last decade, non-destructive in situ imaging methods and envi-
ronmental metagenomics have expanded understanding of their
role at the community level. At a global scale, they represent a
large part of mesozooplankton biomass (Biard et al. 2016) and
could account for 2% to 19% of world biogenic Si production in
the epipelagic layer (Llopis-Monferrer et al. 2020). Yet, substan-
tial production by Rhizaria occurs below 200 m depth, where
diatoms are absent. Furthermore, Rhizaria communities can con-
tribute to a large component of vertical C export (Lampitt

et al. 2009; Guidi et al. 2016; Gutierrez-Rodriguez et al. 2018).
Large Phaeodaria (>1 mm) are responsible for up to 10% of the
total organic C flux in the North Pacific by contributing to the
enlargement and aggregation of sinking particles in the mesope-
lagic zone (Ikenoue et al. 2019).

Nevertheless, gaps remain in our knowledge of their organic C
and N composition. Previous global C biomass assessments for
large Rhizaria (Biard et al. 2016) relied upon a C-to-volume con-
version factor of 80 μg C mm�3 measured on a variety of zoo-
planktonic organisms (Beers and Stewart 1970). In contrast,
Stukel et al. (2018) demonstrated that flux feeders Aulosphaeridae
(Phaeodaria) could meet their C demand only if their C density
was one order of magnitude lower (1.1 μg C mm�3,
corresponding to 4.8 μg C cell�1 for a 2-mm cell). This revised
estimate was further supported by an average C content of 13 μg
C cell�1 measured on >1 mm Phaeodaria found in sediment traps
(Ikenoue et al. 2019). In comparison, the equation provided by
Menden-Deuer and Lessard (2000) gives a value of 234 μg C
cell�1 for a 2-mm cell. Such high variability in conversion factors
and its impact on biomass assessment emphasizes the need for
accurate quantification of elemental content. To date, only three
studies have provided C and N data from direct measurements,
as well as estimates of C : N ratios (Michaels et al. 1995; Llopis-
Monferrer et al. 2020; Mansour et al. 2021), but they focused
solely on a few limited taxa. A robust tool that could be used in
biogeochemical or size-based models is still lacking.

On the other hand, cell biogenic Si content correlates with cell
volume over the entire size spectrum, including many taxa (Biard
et al. 2018; Llopis-Monferrer et al. 2020; Llopis Monferrer
et al. 2021). The silica-to-carbon ratio (Si : C) is lower than for
diatoms, without significant regional variation, but it has only
been investigated for the smallest taxa (Llopis Monferrer
et al. 2021). Also, little is known about silicon uptake rates of sili-
ceous Rhizaria (i.e., the rates at which they take up silicic acid to
build their biogenic Si skeleton). In addition to knowing their sil-
ica biomass, such values are essential to understanding how they
use silica from their environment at the physiological scale,
opening the door to subsequent estimates of their turnover
times, as well as to refining their role in the Si cycle. Likely
because they are highly silicified cells, their Si uptake rate displays
greater values than that of diatoms (Llopis Monferrer et al. 2021).
Current data are too scarce to investigate a potential link with cell
size or dissolved silica (dissolved Si) concentration in the ocean.

Here, using original and literature data, we investigate how
size relates to elemental content for a broad variety of solitary
and colonial Rhizaria. We also further examine the Si : C ratio
and Si uptake rates. Finally, we discuss biogeochemical and
ecological implications of these results.

Material and methods
Sampling

We collected 2036 Rhizaria specimens either in the
coastal or oligotrophic waters of the California Current

Laget et al. Elemental composition and uptake rates of Rhizaria
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Ecosystem (CCE) during the P2107 process cruise (July–
August 2021, as part of the CCE-LTER program) onboard
R/V Roger Revelle (Fig. 1a). We used various net tows to
gather individuals from different depth intervals from the
surface to as deep as 800 m (Supporting Information
Table S1). In addition, we collected 55 individuals from the
family Aulacanthidae (Phaeodaria) in the bay of
Villefranche-sur-Mer (Mediterranean Sea, France; 43.69�N,
7.31�E; Fig. 1b) in 2019. Immediately after sampling, we iso-
lated Rhizaria specimens under a stereomicroscope and
rinsed them with filtered surface seawater. We then sorted
individuals at the order, family or genus level based on the
classifications from Nakamura et al. (2015) for Phaeodaria
and from Suzuki and Not (2015) for Radiolaria (Fig. 2).
Large Nassellaria (Radiolaria) found in the California Cur-
rent were identified as Phlebarachnium sp. according to
Strelkov and Reshetnyak (1959).

Organic C and N content
To obtain sufficient organic C and N matter for analysis, we

deposited from 1 to 40 cells onto 25 mm GF/F filters that had
been precombusted at 450�C for 4 h. Filters were placed in
glass vials, previously washed for 24 h with HCl, rinsed with
MilliQ water and combusted at 450�C for 4 h. The vials con-
taining the dry filters were stored at �20�C and dried at 55�C
overnight before analysis. Blank filters were prepared in the
same way (i.e., combusted the same day and stored in the
same conditions). C and N contents were quantified with a
mass spectrometer (Delta plus, Thermo Fisher Scientific)
coupled with a C/N analyzer (Flash EA, Thermo Fisher Scien-
tific) via a Type III interface. Data were normalized to cell
counts to obtain mean individual values (QC in μg C cell�1 or
QN μg N cell�1).

Biogenic Si content
The biogenic Si content of isolated Rhizaria was quantified

according to Llopis-Monferrer et al. (2020). Briefly, we added
0.2 mL of 2.5 N hydrofluoric acid (HF) to the pol-
ymethylpentene tubes containing the filters with isolated
specimens. The biogenic Si contained in the filters was then
digested for 48 h at room temperature with HF acid to allow
digestion of the robust Rhizaria skeletons. We then added
9.8 mL of saturated boric acid (H3BO3) solution to eliminate
interference from HF in the subsequent colorimetric analysis
for Si. Analyses were performed on a Technicon Auto-Analyzer
II by colorimetric quantification of the orthosilicic acid
(Aminot and Kérouel 2007). The standards used for calibration
were prepared with the same matrix as for the samples
(HF/H3BO3). As C and N data, biogenic Si concentrations were
normalized to cell counts to obtain individual biogenic Si con-
tent (QbSi in μg bSi cell�1).

Si uptake rates (ρSi)
For these measurements, we used the radioisotope of Si

(32Si) following protocols previously described (Tréguer
et al. 1991; Leynaert et al. 1996; Llopis-Monferrer et al. 2020).
Briefly, samples containing from 1 to 30 individuals were
spiked with a 32Si silicic acid solution and incubated on deck
for 24 h in a flowing-seawater incubator to maintain constant
water temperature. After incubation, isotope samples were fil-
tered by gentle (<150 mmHg) vacuum filtration onto 47 mm
diameter, 0.6 μm pore-size polycarbonate membrane filters
(Nuclepore), rinsed twice with filtered seawater to wash away
nonparticulate 32Si and dried at room temperature for 48 h.
The activity of 32Si in the samples was determined using the
Cerenkov counting method (Leynaert 1993) on a scintillation
counter (Tri-Carb 4910TR, Perkin Elmer) 3 months after the
samples were filtered. Counts yielding less than three times

Fig. 1. Sampling locations for this study. (a) Sampling stations during the P2107 process cruise and, (b) location of Villefranche-sur-Mer, France.
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the background (23 CPM) were discarded. Results were nor-
malized to cell counts to obtain individual uptake rates (ρSi in
nmol Si cell�1 d�1). Samples were then analyzed for biogenic
Si content as previously described. The specific uptake rate (VSi

in d�1) was calculated by normalizing the Si uptake rate to the
biogenic Si concentration. Subsequently, we deduced the turn-
over time t as ln2=VPð Þ (in d).

Volume estimations
During the isolation process, photographs of each speci-

men were taken (Canon Eos 77D camera) to relate elemental
data to various morphological criteria. From the pictures, we
measured the length of major and minor axes using ImageJ
software (Abràmoff et al. 2004). Volumes (V) were estimated
by approximating the shape and size of each taxon using

Fig. 2. Representatives of the sampled Rhizaria, observed under a stereomicroscope. (a–g) Radiolaria, (h–p) Phaeodaria. (a) Thalassicolla
sp. (Collodaria), (b) Thalassosphaera sp. (Collodaria), (c,d) Phlebarachnium sp. (Nassellaria), (e) Oroscena sp. (Orodaria), (f) Cytocladus sp. (Orodaria), (g)
Spumellaria, (h) Aulosphaeridae, (i) Tuscaroridae, (j) Castanellidae, (k–l) Coelodendridae, (m) Aulacanthidae, (n) Medusettidae, (o–p) Protocystis
sp. (Challengeridae). All scale bars are 1 mm, unless otherwise indicated.

Laget et al. Elemental composition and uptake rates of Rhizaria

4

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12284 by C

ochrane France, W
iley O

nline L
ibrary on [09/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



simple geometric shapes that allowed calculation of the associ-
ated volume (Mansour et al. 2021; Supporting Information
Fig. S1; Table S2). Finally, the equivalent spherical diameter
(ESD) was determined from the volume (Supporting Informa-
tion Eq. S1). All images used for measurements are available at
https://doi.org/10.17882/89409.

Statistical analyses
We combined C and N content data measured for this

study with literature data (Mansour et al. 2021). All data ana-
lyses were conducted using R software (R Core Team 2020).

To test the relationship between individual elemental con-
tent and volume, we assumed that it was adequately described
by a power law:

Qi ¼ a�Vb, ð1Þ

where Qi is the individual C or N content in μg C cell�1 or
μg N cell�1, V is the individual volume in mm3, a is the nor-
malization constant, and b is the scaling exponent of the
power law. We used log10-transformed elemental content and
volume data, as this is the most appropriate method to assess
allometric-scaling relationships (Kerkhoff and Enquist 2009).
This led to the transformed equation:

log10Qi ¼ log10aþb log10V : ð2Þ

For these linear regression analyses, we choose Model I (ordi-
nary least squares regression) instead of Model II, as Model I is
largely recommended for application in allometry (Kilmer and
Rodríguez 2017) and because measurement error of the inde-
pendent variable, the individual volume, is considered to be
low. Moreover, our purpose was to provide a predictive rela-
tionship. The linear models were validated by leave-one-out
cross-validation using the R package caret (Kuhn et al. 2020)
and by analysis of normality and homoscedasticity of resid-
uals. We compared the regression slope of the C-to-volume
relationship with those found previously for diatoms and vari-
ous protists (Menden-Deuer and Lessard 2000) with Student’s
t tests. Difference in the regression slopes between Radiolaria
and Phaeodaria was tested using ANOVA. We then calculated
the C and N density in μg C mm�3 and μg N mm�3, respec-
tively, and tested for differences in mean values between taxa
with ANOVA. We evaluated the correlation between QC and
QN using a Kendall’s τ correlation test.

To determine the Si : C ratio (mol : mol), we compiled our
QbSi data with literature data (Biard et al. 2018; Llopis-
Monferrer et al. 2020; Supporting Information Table S3) and
when available, we calculated the ratio using the median
values of C (in nmol C cell�1) and biogenic Si content
(in nmol Si cell�1) for each taxon and geographic area. Excess
densities were computed from C, N, and biogenic Si content
according to Baines et al. (2010) and Stukel et al. (2018) (see

details in Supporting Information Text S1). We then estimated
the theoretical sinking Uth speed from Stokes’ law.

Correlations between Si uptake rates ρSi and specific
uptake rates VSi, on the one hand, and cell volume and aver-
aged daily silicic acid concentrations, on the other hand,
were tested with a Kendall’s τ correlation test. Dissolved Si
concentrations were measured on water samples collected
with Niskin bottles.

All the data and code used for these statistical analyses are
available on GitHub (https://github.com/MnnLgt/Elemental_
composition_Rhizaria).

Results
C and N contents and molar C : N ratio

We measured QC for 153 samples of pooled Rhizaria,
corresponding to 1555 specimens from 8 families of Pha-
eodaria and 536 specimens belonging to the radiolarian orders
Collodaria (Fig. 2a,b), Nassellaria (Fig. 2c,d), Orodaria
(Fig. 2e,f), and Spumellaria (Fig. 2g). QN was quantified for
136 of the samples, corresponding to 2002 specimens cover-
ing the same taxonomic groups (Table 1). Overall, ESD cov-
ered almost three orders of magnitude (Table 1), ranging from
220 � 60 μm for Spumellaria to 9.7 mm for Cytocladus
sp. (Fig. 2f). We found the highest average QC and QN per
taxon for solitary Collodaria (65.1 � 32.8 μg C cell�1 and
15.4 � 10.4 μg N cell�1). The largest values, 717 μg C cell�1

and 76.8 μg N cell�1, were measured for the only specimen of
Cytocladus sp. (order Orodaria), which was large
(diameter = 9.7 mm). The lowest QC and QN were observed for
the phaeodarian genus Protocystis sp. (0.71 � 0.37 μg C cell�1

and 0.12 � 0.08 μg N cell�1) (Table 1). The average C : N ratio
was 7.8 � 2.1, reaching its highest value for the nassellarian
Phlebarachnium sp. (11.3 � 2.8) and its lowest for solitary
collodarians (5.7 � 1.4) (Table 1).

Along with 103 samples available from the literature
(Mansour et al. 2021; Table 1), we tested for the relationship
between elemental composition and cell size using ordinary
least-square regressions of log10-transformed C or N content
on log10-transformed cell volume for a total of 256 samples
for C and 235 for N. For both elements, we found a significant
relationship (R2 = 0.76, p-value < 0.0001, RMSE = 0.40 for C;
R2 = 0.78, p-value < 0.0001, RMSE = 0.41 for N), described by
the equations:

log10QC ¼ 0:455�0:016½ �� log10Vþ 0:958�0:025½ �, ð3Þ

log10QN ¼ 0:477�0:017½ �� log10Vþ 0:157�0:026½ �, ð4Þ

where V is the volume in mm3, QC is the individual C content
in μg C cell�1, and QN is the individual N content in
μg N cell�1. In both cases, residuals were normally distributed
and showed homoscedasticity (Supporting Information
Figs. S2, S3). These equations can be transformed into:

Laget et al. Elemental composition and uptake rates of Rhizaria
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QC ¼10 0:958�0:025½ � �V 0:455�0:016½ �, ð5Þ

QN ¼10 0:157�0:026½ � �V 0:477�0:017½ �: ð6Þ

Volume explained 76% and 78% of the total variance of QC

and QN. For both relationships, the phaeodarian families
Castanellidae and Tuscaroridae and the radiolarian order
Orodaria were almost always found above the regression lines,
whereas the phaeodarian family Aulosphaeridae was systemat-
ically below (Fig. 3).

Considering the whole dataset, the regression slopes of the
individual element content-to-volume relationship were
0.455 and 0.477 for C and N, respectively (Eqs. 3, 4), but
there was a significant difference in the slopes between Radio-
laria and Phaeodaria (ANOVA: p-value = 0.006 for C, p-value
< 0.0001 for N), with the highest slopes for Radiolaria
(Supporting Information Table S4). This difference could be
due in part to a potential effect of the uneven distribution of
data from both groups along the size axis (Supporting Infor-
mation Figs. S4, S5).

We compared the regression slope of the C-to-volume rela-
tionship (0.455; Eq. 3) with those obtained by Menden-Deuer
and Lessard (2000). Ours differed significantly from the slopes
obtained for diatoms (slope = 0.811; t-test: p-value < 0.0001)

and other various protists (slope = 0.939; t-test: p-value
< 0.0001).

C and N densities ranged over four orders of magnitude
(Fig. 4) and mean values showed significant differences among
taxa (ANOVA: p-value < 0.0001 for both C and N). The
phaeodarian family Aulosphaeridae displayed the lowest average
C density (0.56 � 0.23 μg C mm�3) and the collodarian family
Collosphaeridae the lowest average N density (0.08 �
0.06 μg N mm�3). Protocystis sp. collected in the Southern Ocean
and Nassellaria collected in the Mediterranean Sea reached the
highest mean densities for both C and N (>1000 μg C mm�3 and
>100 μg N mm�3). In contrast, Protocystis sp. and the nassellarian
Phlebarachnium sp. found in the CCE had much lower mean C
(39.3 � 12.5 and 8.9 � 5.1 μg C mm�3) and N (6.1 � 2.7 and
0.9 � 0.3 μg N mm�3) densities (Table 1).

A Kendall’s rank correlation τ test showed a strong significant
correlation between QC and QN (τ = 0.91, p-value < 0.0001).
Molar C : N ratios differed significantly among groups (ANOVA:
p-value < 0.0001), even though they differed greatly within each
group (Fig. 5; Supporting Information Fig. S6).

Biogenic Si content, molar Si : C ratios, and excess
densities

We measured the QbSi for 68 samples, representing 802 indi-
viduals from 4 radiolarian taxa and 7 phaeodarian taxa. We

Fig. 3. General allometry for elemental composition of planktonic Rhizaria. (a) Carbon (μg C cell�1) to volume (mm3) and (b) nitrogen (μg N cell�1) to
volume (mm3). Collodaria include solitary (sol.) and colonial (col.) specimens. Black solid lines represent the Model 1 least-squares regressions of log10-
transformed data. Gray ribbons represent the 95% confidence level intervals and black dashed lines show the 95% prediction intervals. Data are com-
piled from Mansour et al. (2021) and this study.

Laget et al. Elemental composition and uptake rates of Rhizaria
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converted these data into μg Si cell�1 considering a molecular
weight of 67 g mol�1 for hydrated amorphous silica (Mortlock
and Froelich 1989) to include them in the regression equation
linking QbSi (in μg Si cell�1) to V (in μm3) provided by Llopis-
Monferrer et al. (2020). Our QbSi results ranged from
0.29 � 0.16 μg Si cell�1 for Phlebarachnium sp. to 136 μg Si
cell�1 for a solitary collodarian. By fitting a new model

combining literature and new data, we observed that the new
slope (0.55) did not show a significant difference from the pre-
vious one (0.52) (t-test: p-value = 0.83) (Supporting Informa-
tion Fig. S7).

Using our data and literature data (Biard et al. 2018; Llopis-
Monferrer et al. 2020), we could determine the molar Si : C
ratio for seven phaeodarian families and the radiolarian orders

Fig. 4. Elemental densities for planktonic Rhizaria. (a) Carbon densities and (b) nitrogen densities. Nassellaria (2) refers to Phlebarachnium sp. Collodaria
include solitary (sol.) and colonial (col.) specimens. The central value indicates the median. The lower and upper limits of the box correspond to the 25th

and 75th percentiles. The lower whisker extends from the 25th percentile to the smallest value at most 1.5 � IQR (inter-quartile range) of the 25th percen-
tile and the upper whisker extends from the 75th percentile to the largest value no further than 1.5 � IQR from the 75th percentile. Data are compiled
from Mansour et al. (2021) and this study.

Fig. 5. C : N ratios (mol : mol) for planktonic Rhizaria. Nassellaria (2) refers to Phlebarachnium sp. Collodaria include solitary (sol.) and colonial (col.)
specimens. The central value indicates the median. The lower and upper limits of the box correspond to the 25th and 75th percentiles. The lower whisker
extends from the 25th percentile to the smallest value at most 1.5 � IQR (inter-quartile range) of the 25th percentile and the upper whisker extends from
the 75th percentile to the largest value no further than 1.5 � IQR from the 75th percentile. Data are compiled from Mansour et al. (2021) and this study.

Laget et al. Elemental composition and uptake rates of Rhizaria
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Spumellaria and Orodaria (Fig. 6; Supporting Information
Table S5). We did not consider Collodaria, as most specimens
used for C analyses were not skeleton-bearing taxa.
Aulosphaeridae reached the highest value (0.71) and the
nassellarian Phlebarachnium sp. the lowest (0.01). Among
phaeodarians, Coelodendridae displayed the lowest ratio (0.04)
while Aulacanthidae showed a marked difference between speci-
mens from the California Current (0.31) and the Mediterranean
Sea (0.12).

Estimated excess densities ranged from 0.7 μg mm�3 for
Coelodendridae to 545 μg mm�3 for Spumellaria (Table 2).

Except for the latter and the phaeodarian Castanellidae,
Tuscaroridae, and Protocystis sp., all excess densities were
below 10 μg mm�3. The lowest theoretical sinking speed was
observed for the nassellarian Phlebarachnium sp. (20–43 m
d�1) and the highest for Tuscaroridae (883–2044 m d�1).

Si uptake rates
We measured Si uptake rates ρSi for 26 samples

corresponding to 347 cells belonging to 4 phaeodarian and
3 radiolarian taxa. Values ranged from 0.07 nmol Si cell�1 d�1

for our only sample of Protocystis sp. to 4.31 nmol Si cell�1 d�1

Fig. 6. General biogenic silica-to-carbon relationships for planktonic Rhizaria. Values are expressed as median biogenic silica (μmol Si cell�1) and carbon
(μmol C cell�1) contents. Error bars show the median � median absolute deviation of each distribution. Data are compiled from Biard et al. (2018),
Llopis-Monferrer et al. (2020), Mansour et al. (2021), and this study.

Table 2. Excess densities and theoretical sinking speeds computed from Stokes’ law for planktonic Rhizaria.

Group Type Area ESD (μm)
Excess density
(μg mm�3)

Theoretical sinking
speed (m d�1)

Phaeodaria Aulacanthidae CCE 593 8.7 [4.0–42.7] 143 [66–707]

Aulacanthidae Med 679 5.6 [3.8–6.9] 121 [83–149]

Aulosphaeridae CCE 2076 1.0 [0.7–1.8] 199 [142–355]

Castanellidae CCE 648 57.0 [40.8–60.6] 1127 [806–1199]

Coelodendridae CCE 1930 0.7 [0.4–3.2] 115 [67–567]

Medusettidae CCE 2142 4.5 [4.5–4.6] 975 [973–986]

Protocystis sp. CCE 349 28.7 [25.5–54.2] 164 [146–311]

Tuscaroridae CCE 1177 27.8 [13.5–31.3] 1817 [883–2044]

Radiolaria Phlebarachnium sp. CCE 881 0.9 [0.6–1.2] 33 [20–43]

Oroscena sp. CCE 1682 9.8 [5.3–14.0] 1298 [709–1864]

Spumellaria CCE 197 545 [543–546] 1001 [999–1004]

Med, Mediterranean Sea.
Data used are compiled from Biard et al. (2018), Llopis-Monferrer et al. (2020), Mansour et al. (2021), and this study. ESD is the median ESD. Excess den-
sities were calculated with the medians of carbon content, silica content and volume data. Between brackets are the excess densities calculated with the
1st and 3rd quantiles of carbon content and silica content, and associated sinking speeds.

Laget et al. Elemental composition and uptake rates of Rhizaria
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for our only sample of Thalassosphaera sp. (solitary Collodaria)
(Supporting Information Table S6). The specific uptake rate VSi

spanned three orders of magnitude, with a minimal value for
Orodaria and Castanellidae (0.0007 d�1) and a maximal value
for the nassellarian Phlebarachnium sp. (0.06 � 0.03 d�1)
(Table 3). This corresponds to a turnover time ranging from
10 to 1061 d (Table 3). Average daily silicic acid concentration
(Supporting Information Table S7) showed no correlation with
ρSi (Kendall’s τ = �0.04, p-value = 0.79) and a weak correlation
with VSi (Kendall’s τ = �0.55, p-value = 0.0001). When merged
with 31 data points available from literature, cell volume
showed a very weak positive correlation with ρSi (τ = 0.24,
p-value = 0.008) and a weak negative correlation with VSi

(τ = �0.50, p-value < 0.0001).

Discussion
Elemental composition and stoichiometry of planktonic
Rhizaria

In this study, we successfully measured C and N contents
for 2091 rhizarian specimens covering 12 taxa. By combining
these data with literature data, we found that over a size range
extending three orders of magnitude (100 μm to 10 mm), the
QC and QN values for Rhizaria can be reliably predicted from
cell volume (Fig. 3). We report here a C : V scaling exponent
for Rhizaria (0.455) which is significantly lower than those
found for diatoms (0.811) and other protists (0.939) (Menden-
Deuer and Lessard 2000), supporting the conclusion that the
equations for diatoms are not suited for these giant protists.
From our results, the scaling exponents for the two rhizarian
lineages Radiolaria and Phaeodaria differ significantly, being

higher for Radiolaria; however, since we could not rule out the
possibility of a bias due to differences in samples sizes, we rec-
ommend the use of the general relationship. Individual vol-
ume did not fully explain the variations in elemental
composition (R2 = 0.76 and 0.78 for the QC : V and QN : V
relationships), with the remaining unexplained variability
potentially linked to taxa-specific differences or physiological
state of specimens. However, our purpose here was to deter-
mine general trends to provide a basis for comparison, even if
specific taxa may deviate from them.

These differences between taxa were also reflected in ele-
mental densities, which varied over four orders of magnitude
(Table 1). The lowest mean C density (0.56 � 0.23 μg C mm�3)
observed for the phaeodarian family Aulosphaeridae is one
order of magnitude lower than the conversion factor
(80 μg C mm�3) used for the global assessment of Rhizaria bio-
mass (Biard et al. 2016). However, it corroborates the density
value of 1.1 μg C mm�3 based on the assessment of their C
demand (Stukel et al. 2018). For a 2-mm cell, our allometry
gives a C content of 17.4 μg C cell�1 while our mean QC for
Aulosphaeridae is 2.3 μg C cell�1. The value of 4.8 μg C cell�1

calculated by Stukel et al. (2018) falls within this range. This
low value can be explained by the ratio of the central mass
diameter, which consists of the central capsule and the
phaeodium and is likely to contain most of the organic matter
of the cell, to the skeleton diameter. In comparison, the family
Aulacanthidae, known to co-occur with Aulosphaeridae in the
California Current (Biard and Ohman 2020) and for which
the combination of the central capsule and phaeodium
occupies about half of the skeleton, has a mean C density of
11.2 � 8.8 μg C mm�3, a value one to two orders of magnitude

Table 3. Silicic acid uptake rates ρSi, specific silicic acid uptake rates VSi, and turnover times t for planktonic Rhizaria and diatoms.

Group Type Area n ρSi* (nmol Si cell�1 d�1) VSi* (d
�1) t (d) Reference

Phaeodaria Aulacanthidae CCE 4 0.46 � 0.70 0.008 � 0.008 87 This study

Aulacanthidae Med 0.061 � 0.089 11 Llopis-Monferrer et al. (2020)

Aulosphaeridae CCE 6 0.62 � 0.54 0.006 � 0.007 116 This study

Castanellidae CCE 3 0.17 � 0.11 0.0007 � 0.0005 990 This study

Protocystis sp. CCE 1 0.07 0.002 347 This study

Protocystis sp. Med 0.167 � 0.148 4 Llopis-Monferrer et al. (2020)

Radiolaria Collodaria CCE 1 4.31 0.002 347 This study

Collodaria Med 0.422 � 0.312 2 Llopis-Monferrer et al. (2020)

Phlebarachnium sp. CCE 10 0.31 � 0.25 0.065 � 0.035 11 This study

Nassellaria Med 0.086 � 0.021 8 Llopis-Monferrer et al. (2020)

Oroscena sp. CCE 1 0.81 0.0007 990 This study

Spumellaria Med 0.372 � 0.348 2 Llopis-Monferrer et al. (2020)

Diatoms Various 0.06–1.80 0.4–11.6 See references in Llopis-Monferrer

et al. (2020)

Med, Mediterranean Sea.
*ρSi and VSi are denoted ρP and VP in Llopis-Monferrer et al. (2020).
Except for diatoms, ρSi and VSi are expressed as mean � standard error. t is determined from mean VSi. See Supporting Information Table S6 for details of
biogenic silica content Si uptake rates.
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higher than for Aulosphaeridae. The other phaeodarian fami-
lies containing large species (i.e., Castanellidae and
Tuscaroridae), for which organic matter almost entirely fills the
skeleton, have a mean C density of 52.9 � 13.1 and
48.9 � 25.1 μg C mm�3. For these taxa, our observations are con-
sistent with values measured on a bulk > 1-mm Phaeodaria popu-
lation dominated by the same taxa in the North Pacific Ocean,
but for which the taxon-specific QC values are not known (7.2–
25 μg C cell�1; Ikenoue et al. 2019). In contrast, the smallest
phaeodarian group of our study, Protocystis sp. collected in the
Southern Ocean (mean ESD = 97 μm), reaches the highest C and
N densities (>1000 μg C mm�3, >100 μg N mm�3), probably
because the organic matter occupies the entire cell. Among Radi-
olaria, Nassellaria other than Phlebarachnium sp. are the most C
and N dense (>1000 μg C mm�3, >100 μg N mm�3), which could
also be explained by organic matter entirely filling the skeleton.
Foraminifera, the sister clade of Radiolaria among Retaria that
builds CaCO3 skeletons, have a mean C density of
89 μg C mm�3 (Michaels et al. 1995) which is a higher value
than those reported for colonial and solitary Collodaria as well as
Orodaria and photosymbiotic Nassellaria, but one to two orders
of magnitude lower than C densities of Spumellaria and other
Nassellaria.

For all taxa, the high variability in intragroup elemental
densities is also reflected in regional differences. For example,
the observed difference between Protocystis sp. collected in the
CCE and those collected in the Southern Ocean, of one order
of magnitude for both C and N, suggests that polar species are
denser than their relatives living in warmer waters. Intragroup
variability was previously observed for solitary Collodaria
(9–280 μg C mm�3; Michaels et al. 1995) and is most likely
explained by environmental or cellular conditions. Indeed, it
has been shown that life history or nutritional status, such as
the composition of the phaeodium that is used to store food
in Phaeodaria (Gowing 1986), could influence the QC and QN

values as well as the C : N ratios (Sterner and Elser 2017).
Our results showed that QC and QN values were strongly

correlated, but their ratio did not seem to be linked with size.
Mean C : N ratios (mol : mol) are within the range of values
reported for Radiolaria (Michaels et al. 1995) and showed sig-
nificant variations among taxa. Overall, the mean C : N ratio
(7.8 � 2.1) is higher than the Redfield ratio of 6.6
(Redfield 1934), as well as C : N ratios for smaller protists (3.4–
6.5; Menden-Deuer and Lessard 2000) and the mean ratio for
all zooplankton (4.9; Kiørboe 2013). Elemental stoichiometry
of phytoplankton is known to depend on environmental con-
ditions such as N availability (Finkel et al. 2009). We can
hypothesize that such effects could impact nutrient assimila-
tion and thus growth rates for Rhizaria as well, but knowledge
about physiological processes of Rhizaria is lacking.

Our values of QbSi fit well with the established allometric rela-
tionship (Biard et al. 2018; Llopis-Monferrer et al. 2020), under-
lining the robustness of this tool. Except for the photosymbiotic
nassellarian Phlebarachnium sp. and the phaeodarian families

Coelodendridae and Aulacanthidae from the Mediterranean Sea,
all molar Si : C ratios were higher than those reported for dia-
toms (0.13 � 0.04; Brzezinski 1985). This result is expected since
we showed that Rhizaria have overall a low QC value and they
are known to be the most highly silicified pelagic organisms per
unit volume (Llopis-Monferrer et al. 2020). The high variations
in molar Si : C ratios among taxa highlight the morphological as
well as ecological diversity of these organisms. These ratios are
likely to also be influenced by abiotic factors (e.g., temperature
or nutrient availability), as stated by Brzezinski (1985) for dia-
toms, or biotic factors such as exposure to predation (Pondaven
et al. 2007). Our data are based on individuals coming from dif-
ferent depths and different environmental conditions; thus, we
still need to better constrain such factors in order to account for
intragroup variability.

From individual to global biomass and flux estimations
Accurate global biomass estimations are needed to better con-

strain ecological as well as biogeochemical roles of marine
organisms. Today, in situ imaging allows quantification and dis-
tinction at low taxonomic level of large Rhizaria as well as mea-
surement of their biovolume (Nakamura et al. 2017; Biard and
Ohman 2020). Following our measurements of elemental com-
position on individual Rhizaria, it is very likely that previous
global C biomass assessments based on in situ imaging (Biard
et al. 2016; Drago et al. 2022) need to be revised. Indeed, all
giant Phaeodaria (> 600 μm) sampled by this method have a C
density much lower (ranging from 0.6 � 0.2 μg C mm�3 for
Aulosphaeridae to 52.9 � 13.1 μg C mm�3 for Castanellidae;
Table 1) than the conversion factor used previously (80 μg C
mm�3). Nevertheless, it is important to note that small Rhizaria
(< 600 μm), currently not reliably sampled by in situ imaging,
are mostly much more C-dense, but their regional and global
biomass and contribution to fluxes remain poorly constrained.
For example, Radiolaria Polycystinea (including Nassellaria,
Spumellaria, and Collodaria) are abundant in the first 100 m of
the global tropical and subtropical ocean (Boltovskoy 2017) and,
to our knowledge, their biomass has never been accurately
assessed.

When computing biomass over a large spatial scale, choos-
ing whether to use taxon-specific conversion factors or allome-
tric relationships is not trivial. Errors in biomass estimations
at the individual scale will propagate and be responsible for
under or over estimations at the global scale. Using allometry
can introduce variability especially for taxa deviating from the
regression line; however, identification to the genus, species,
or family level is not always possible as it relies on skeletal
details that are generally not visible with in situ imaging
instruments. Allometry thus provides a way to infer the bio-
mass of a related organism. Moreover, allometric relationships
are a straightforward way to compute the bulk biomass of a
population. In the future, the availability of taxon-specific
conversion factors as well as allometric relationships for C, N,
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and biogenic Si will allow us to refine regional or global mass
estimations with greater accuracy.

From biomass estimations, the next step is to assess the
magnitude of export to the deep ocean. In addition to their
mass, fluxes of particles are mainly determined by their sink-
ing speed and their abundance. Although the last parameter is
not in the scope of this study, constraining the elemental
composition of an organism allows an initial estimate of its
excess density with respect to the surrounding water (Baines
et al. 2010) and thus its theoretical sinking speed determined
from Stokes’ law. Our computed excess densities for the
Aulosphaeridae, Coelodendridae, and Phlebarachnium sp. are
consistent with a previous estimated value for Aulosphaeridae
(0.72 μg mm�3; Stukel et al. 2018). Still, the other taxa dis-
played an excess density 1–3 orders of magnitude higher
(Table 2). This variability between taxa is reflected in their esti-
mated theoretical sinking speeds, which span three orders of
magnitude. These results are expected, as the silica skeleton,
which is the main ballast of the cell, shows large structural
variations among taxa. Phaeodaria have a porous skeleton,
whereas Radiolaria have a dense skeleton (Nakamura
et al. 2018). This could explain why Spumellaria (Radiolaria)
have a theoretical sinking speed one order of magnitude
higher than specimens of Protocystis sp. (Phaeodaria), of com-
parable size. It would take 5 d for one spumellarian cell to sink
from the upper mesopelagic to more than 5000 m depth,
whereas it would take about 16 d for Protocystis sp. The same
order of magnitude difference is observed between the radio-
larian Oroscena sp. and the phaeodarian families Coe-
lodendridae and Aulosphaeridae. However, the phaeodarian
families Castanellidae, Tuscaroridae and Medusettidae, known
to be more silica-dense (Biard et al. 2018), have a theoretical
sinking speed ranging from � 800 to � 2000 m d�1. Together
with the radiolarian Spumellaria and Oroscena sp., their very
high sinking speeds, coupled with their high elemental con-
tent, indicate that these taxa could be efficient exporters of
organic matter and biogenic Si to the deep ocean upon their
death. Even though Phaeodaria show higher dissolution rates
than Radiolaria (Erez et al. 1982), they would quickly transit to
great depths where loss caused by dissolution is lower than in
surface waters because of colder temperatures and higher nutri-
ent concentrations. Furthermore, their heavy skeleton likely pre-
vents the organic matter of the cell from being remineralized
along the way. In contrast, the other phaeodarian taxa and the
nassellarian Phlebarachnium sp. have a much lower theoretical
sinking speed. Therefore, because of their fragile nature, the deli-
cate skeletons of Aulosphaeridae, Aulacanthidae, and Coe-
lodendridae probably entirely dissolve on descent and never
reach the seafloor. We can thus hypothesize that not all Rhizaria
contribute equally to vertical export. Further investigation com-
bining abundance data and dissolution rates should bring to
light the relative contribution of each. Overall, the sinking rates
we have calculated for Spumellaria, Castanellidae, and Protocystis
sp. are one order of magnitude higher than those measured

experimentally by Takahashi and Honjo (1983). Nevertheless,
the values that they calculated from Stokes’ law conformed to
ours. For most taxa, they noted that the ratios of measured sink-
ing speeds to theoretical sinking speeds were below 1, with great
variations among taxa. Therefore, it is likely that our data are
maximal values. Indeed, Stokes’ law assumes that particles are
perfect spheres and the morphology of planktonic Rhizaria can
deviate significantly from this shape. The presence of skeletal
ornamentation such as spicules or spines increases the drag of
the cell, slowing it down. Moreover, Stokes’ law predicts that
the sinking speed of a sphere is proportional to the square of its
radius, but it has been shown for diatoms that this exponent in
fact varies between 1 and 2 (Miklasz and Denny 2010).

Si uptake rates and turnover times
Si uptake rate ρSi was only weakly positively correlated with

size and not with silicic acid concentration. Specific Si uptake
rate VSi showed a weak but significant negative correlation
with size, a pattern consistent with observed allometric scaling
of nutrient uptake for phytoplankton (Edwards et al. 2012).
Still, the weakness of the correlation indicates that other
parameters may influence uptake rates. The significant, but
also weak, correlation with silicic acid concentrations suggests
that environmental conditions influence VSi. However, care
should be taken as dissolved Si concentrations were daily aver-
ages over large depth ranges. Our measured specific uptake
rates VSi were low (0.0007–0.06 d�1) compared to those mea-
sured on small Rhizaria (Llopis-Monferrer et al. 2020) and dia-
toms (summarized in Claquin et al. 2006). It seems
paradoxical that these silica-rich organisms take up dissolved
Si at such a slow rate. Nonetheless, many Rhizaria live below
the epipelagic layer, where diatoms are absent and where com-
petition for silicic acid is expected to be limited. This may
explain why Phlebarachnium sp., which competes with dia-
toms in the surface layer, have the highest VSi. To date, very
little is known about Si uptake dynamics of rhizarians, nor
about cell lifespan. Laboratory studies on a few radiolarian
species have shown no evidence of enhanced skeletal growth
with higher silicate concentrations (Sugiyama and Ander-
son 1997). It is possible that there are phases in the life cycle
where the consumption of Si is more important than at other
times. Our measurements are first estimates that will be
refined once we succeed in cultivating these cells over a longer
period of time, with cells that reproduce. Until now, we have
only kept them alive for 1–2 weeks and reproduction has
never been observed.

Rhizaria are known to have SIT-L Si transporters (Marron
et al. 2016), but the number of uptake sites as well as their
affinity with dissolved Si are unknown. There is evidence that
uptake affinity in phytoplankton does not scale linearly with
cell size (Lindemann et al. 2016). Thus, it is not because
Rhizaria are larger that their affinity with dissolved Si is
higher. In addition, the number of nutrient uptake sites and
their specific affinity are expected to decrease with cell size
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(Fiksen et al. 2013). If this is also true for Si, it could partially
account for the negative correlation between cellular volume
and specific uptake rate. This could also help explain why
larger individuals take up Si at a slower rate comparatively to
their size. Further investigation of uptake processes at the cel-
lular level as well as uptake kinetics, either through modeling
or experimental observations, should shed light on the
observed values. Such refinements should ultimately enhance
understanding of their consequences at a population scale.

From our data, estimated turnover times t extended
between 10 and > 1000 d. These values are higher than for
phytoplanktonic organisms, which usually range from a few
hours to a few days (Flynn et al. 2018). This result is to be
expected since these organisms are much larger and are thus
expected to have a slower growth rate. Skeletal composition
should follow the same pattern, so the organism can keep its
equilibrium Si : C ratio. Many of our observed values are nev-
ertheless much higher than expected. For a protist, a turnover
time longer than 100 d seems unrealistic. Net sampling could
have damaged some cells, although we took care during the
sampling process. Moreover, some of the organisms were sam-
pled in the mesopelagic layer, which could have altered their
physiological state during recovery. However, collection depth
ranges using net tows were too broad to investigate a potential
effect of sampling depth (Supporting Information Table S8).
Our results also question the way we calculated turnover rates,
which assumes constant growth and binary fission. However,
production of swarmers has been observed in both Phaeodaria
and Radiolaria (Nakamura and Suzuki 2015; Yuasa and Taka-
hashi 2016). In fact, VSi might not be constant over time:
swarmers or juvenile cells could silicify at high rates when pro-
ducing the skeleton, but then silicification could be reduced at
a minimal rate once the skeleton is formed. On the other
hand, if the Si transporters in planktonic Rhizaria take up a
constant amount of dissolved Si per unit of time, regardless of
the life stage of the individual, this would then imply that VSi

decreases as the cell grows. Therefore, differences with litera-
ture data (Llopis-Monferrer et al. 2020) may be the result of
differences in cell growth stage, as well as environmental dif-
ferences. The evolution of VSi with time has not yet been
investigated. Doing so would require culturing Rhizaria, which
has barely been successful so far, with a few in vivo experi-
ments maintaining Radiolaria for up to 23 d (Anderson
et al. 1989). Overall, these results highlight the strategy of low
mass, low growth rate of these organisms. Further analysis of
their Si and C uptake rates will provide insight into the life
cycle of these organisms, as well as about their ecology.

Insights into the ecology of planktonic Rhizaria
By scaling elemental composition to individual size over

several orders of magnitude, empirical allometric relationships
provide clues to underlying processes that govern the ecology
of planktonic Rhizaria. The scaling exponents of the C to V
and N to V relationships are much lower than one, meaning

that elemental content does not increase in proportion to cell
volume. Moreover, the C-to-volume exponent is significantly
lower than for smaller protists, implying a low C strategy for
this planktonic group, as previously suggested (Menden-Deuer
and Lessard 2000; Stukel et al. 2018). This difference could be
explained by several factors. Rhizaria can be either heterotro-
phic or mixotrophic and many taxa feed on sinking marine
snow or are diffusion feeders (Gowing 1986). Their large size,
from 100 μm to several mm, is responsible for an increased
gap between nutrient delivery, depending on the cross-section
area of the organism (Jackson 1993), and food demand, related
to its volume. However, since most of the organic matter is
located within the central part of the cell, increasing the
radius allows a wider intercepting cross-section and a higher
potential clearance rate for these non-swimming organisms,
whereas this enlarged body is compensated by a low C den-
sity. In addition, it has been suggested that cells with little
organic matter are less attractive and more difficult for preda-
tors to grasp (Kiørboe 2013), in addition to their large size
making them less accessible to small grazers. Only a few pred-
ators have been reported for Radiolaria (summarized in
Biard 2022b) and even less for Phaeodaria, which are usually
larger organisms than Radiolaria. As proposed by Stukel et al.
(2018), another advantage of this low C strategy is the mainte-
nance of neutral buoyancy. This would allow them to stay at
their optimal depth range, which can be restricted for some
Phaeodaria because of abiotic factors as well as the presence of
food (Biard and Ohman 2020). Low C density could counter-
act the presence of a silica skeleton, which increases the over-
all density of the cell. This could be an explanation of the
high molar Si : C ratios, in comparison with diatoms, that we
observed for most taxa. Therefore, in addition to the presence
of spicules and other skeletal elements, as well as the porous
skeleton in Phaeodaria, a lower organic matter density dimin-
ishes the sinking speed, while the inflated volume increases
the drag of the organism.

Even though the C-to-volume regression equation provides
a general trend, it does not fully explain the variations among
data, drawing attention to taxon-specific characteristics
(Fig. 3). This result contrasts with the lower scatter of C con-
tent data along the regression line for diatoms and other pro-
tists (Menden-Deuer and Lessard 2000). These differences are
not surprising, since the taxa considered in the present study
encompass various depth ranges, from the surface to the meso-
pelagic (Biard and Ohman 2020), two nutrition modes
(mixotrophy and strict heterotrophy) and colonial and solitary
individuals. Thus, several taxa are systematically lower or
higher than the regression line (e.g., Aulosphaeridae, Cas-
tanellidae), accounting for their taxon-specific particularities.
Notably, several points belonging to the family Aulosphaeridae
are outside the 95% prediction interval. These results are also
reflected in the C and N densities spanning four orders of mag-
nitude. Symbiont-bearing taxa (Collodaria, Phlebarachnium sp.)
are among the least C and N dense. In particular, the
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photosymbiotic nassellarian Phlebarachnium sp. showed C and
N densities two orders of magnitude lower than other
Nassellaria. One hypothesis is that these taxa need to main-
tain neutral buoyancy to stay in surface waters and allow
their symbionts to photosynthesize, which could also be
facilitated by the presence of the gelatinous matrix along
the presence of large lipid vacuoles in Collodaria
(Anderson 1983). Conversely, deep living populations must
generally adapt to a food-depleted environment, as well as
colder temperature, which could lead to lower metabolic
rates. Therefore, we can hypothesize that not only size, but
also morphology and trophic strategy have consequences for
cell composition and stoichiometry, and that the relative
effect of each variable needs to be further examined.

Conclusion
From direct measurements of C and N content and litera-

ture data, we provided allometric relationships linking C and
N composition to size for a broad variety of Rhizaria ranging
from 100 μm to several mm in size, completing the allometric
relationship relating biogenic Si content to volume. These
simple equations that focus on size rather than species iden-
tity are powerful tools to be implemented in models. The com-
bination of the three allometries is of key interest to improve
estimates of rhizarian biomass, which have been poorly con-
strained in the past because of the lack of reliable conversion
factors. In contrast, we have measured Si uptake rates and
found that they are weakly correlated with size, likely because
of the influence of other physiological processes and environ-
mental variables that need to be further explored. From ele-
mental data, we estimated the sinking speed of Rhizaria and
showed that they can be fast exporters of organic matter and
biogenic Si to the bottom of the ocean. Overall, our study
highlights the low-C and slow-growth strategy of these large
protists. These results will improve future assessments of the
biomass of planktonic Rhizaria as well as refinement of under-
standing of their physiology and ecology.

Data availability statement
Data and scripts used for analyses are available in the

GitHub repository https://github.com/MnnLgt/Elemental_
composition_Rhizaria. All images used for morphometric mea-
surements were deposited in the SEANOE database at https://
doi.org/10.17882/89409.
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