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Abstract

The Rhizaria is a super-group of amoeboid protists with ubiquitous distributions, from the euphotic zone to
the twilight zone and beyond. While rhizarians have been recently described as important contributors to both
biogenic silica and carbon fluxes, we lack the most basic information about their ecological habitats and prefer-
ences. Here, using in situ imaging (Underwater Vision Profiler 5), we characterize the vertical ecological niches
of different test-bearing pelagic rhizarian taxa in the southern California Current Ecosystem. We define three verti-
cal layers between 0 and 500 m occupied, respectively, by (1) surface dwelling and mostly symbiont-bearing
rhizarians (Acantharia and Collodaria), (2) flux-feeding phaeodarians in the lower epipelagic (100-200 m), and
(3) Foraminifera and Phaeodaria populations adjacent to the oxygen minimum zone. We then use Generalized
Additive Models to analyze the response of each rhizarian category to a suite of environmental variables. The
models explain between 9% and 93% of the total variance observed for the different groups. While temperature
and the depth of the deep chlorophyll maximum appear as the main abiotic factors influencing populations in
the upper 200 m, dissolved silicon concentration is related to the abundance of mesopelagic phaeodarians,
though it explains only a portion of the variance. The importance of biotic interactions (e.g., prey availability,
predation, parasitism, symbiosis) is still to be considered, in order to fully incorporate the dynamics of test-

bearing pelagic rhizarians in ecological and biogeochemical models.

Over the last two decades, interest has been elevated in the
role of unicellular eukaryotes (i.e., protists) in marine global
biogeochemical cycles (Worden et al. 2015). Among the large
diversity of protists inhabiting the ocean (Massana 2015;
Simpson et al. 2017), the Rhizaria is a diverse super-group of
unicellular organisms, some of which have planktonic life
styles (Burki and Keeling 2014). A characteristic feature of
many marine rhizarians is the formation of a mineral test
(or skeleton), whose chemical nature varies among taxa:
Acantharia use strontium sulfate (StSOy4), Polycystine radiolar-
ians and Phaeodaria secrete opaline silica (S§iO, nH,0), and
Foraminifera form calcium carbonate (CaCOj3) tests
(Kimoto 2015; Nakamura and Suzuki 2015; Suzuki and
Not 2015). With their mineralized skeletons eventually sink-
ing upon death, test-bearing rhizarians actively contribute to
fluxes of biogenic material into the deep ocean: Foraminifera
are responsible for 32-80% of annual CaCOj export to the
deep ocean (Erez 2003), Acantharia play a critical role in the
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ocean’s strontium budget (Bernstein et al. 1987), Polycystines/
Phaeodaria can act as major exporters of biogenic silica (Biard
et al. 2018) and Rhizaria altogether contribute to particulate
organic carbon fluxes, especially in oligotrophic regions
(Lampitt et al. 2009; Guidi et al. 2016; Stukel et al. 2018).
Despite their active contribution to biogeochemical processes
and substantial contribution to the marine carbon pool (Biard
et al. 2016), there are still many critical gaps in our knowledge
of test-bearing rhizarians, impeding full understanding of their
ecological significance at local-to-global scales.

With fossil records as old as the lower Paleozoic (ca. 515 Ma),
test-bearing rhizarians are among the oldest protist lineages found
in modern oceans (Suzuki and Oba 2015). Through their long evo-
lutionary history, they have adapted to a multitude of environ-
mental conditions resulting in the ubiquity of contemporary
rhizarians. They thrive from polar regions to warm equatorial
waters, and from the sunlit surface to the dark meso- and bathype-
lagic ocean (Anderson 1983; Suzuki and Not 2015). A substantial
fraction of test-bearing rhizarians inhabit the euphotic zone,
hosting multiple photosymbionts from diverse eukaryotic and
prokaryotic lineages (e.g., dinoflagellates, cyanobacteria; Ander-
son 2012; Decelle et al. 2015). This mixotrophic behavior allows
some of them to thrive in environments such as oligotrophic gyres
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where food and nutrients are scarce (Taylor 1982; Biard et al. 2016).
Deeper, in the dark ocean, are found deep-dwelling rhizarians
(e.g., Phaeodaria; Nakamura and Suzuki 2015), with various tro-
phic modes. Some are carnivores feeding on mesopelagic plankton
(e.g., Foraminifera; Hull et al. 2011), or flux feeders (e.g.,
phaeodarians), feeding on carbon rich particles raining from the
euphotic layer (Gowing 1989). To date, most of the limited knowl-
edge on rhizarian distribution patterns—both horizontal and
vertical—is still inferred from surficial sediment samples, and little
information is available on taxon-specific vertical niche distribu-
tion in the water column (Kling and Boltovskoy 1995). In
addition, as with many protistan lineages (Caron et al. 2004), test-
bearing rhizarians remain mostly uncultured (with the exception
of some planktonic foraminifera; Kimoto 2015). Therefore, in situ
experiments and observations are currently the only reliable alter-
native (apart from DNA surveys, which lack a true quantitative
dimension) to improve knowledge of rhizarian ecology and verti-
cal niche distribution.

Numerous in situ imaging ocean systems are available (Benfield
et al. 2007), with different advantages and drawbacks, and sam-
pling characteristics, ranging from towed systems (e.g., Video
Plankton Recorder—Davis et al. 1992g; In Situ Ichthyoplankton
Imaging System—Cowen and Guigand 2008), vertical profilers
(e.g., Underwater Vision Profiler; Picheral et al. 2010), to fully
autonomous underwater vehicles (e.g., Zooglider; Ohman
et al. 2018). Despite different technical specifications, in situ imag-
ing approaches all share the same potential to study delicate
organisms, including appendicularians and cnidarians (Luo
et al. 2014; Greer et al. 2015; Ohman et al. 2018; Ohman 2019),
colonial bacteria (Davis et al. 1992b) or test-bearing rhizarians
(Dennett et al. 2002; Biard et al. 2016; Nakamura et al. 2017; Gas-
kell et al. 2019), which are typically severely disrupted by conven-
tional sampling methods. In addition to unreliably sampling
fragile organisms, even vertically stratified plankton nets
(e.g., MOCNESS, MULTINET; Wiebe and Benfield 2003) fail to
resolve the fine vertical distribution patterns of planktonic taxa. In
contrast, towed and autonomous in situ imaging systems have
successfully revealed fine-scale distribution patterns of zooplank-
ton communities and the influence of environmental variables
(Luo et al. 2014; Greer et al. 2015; Faillettaz et al. 2016; Ohman
etal. 2018).

In the present study, we use the in situ imaging Underwa-
ter Vision Profiler 5 (UVPS) to identify large test-bearing
rhizarians (> 600 ym; Biard et al. 2016) and characterize their
ecological preferences and vertical niche distributions. We use
in situ images collected during extensive vertical profiles on
four research cruises of the California Current Ecosystem Long-
Term Ecological Research (CCE-LTER) program (2008-2016;
Ohman et al. 2013). CCE-LTER is situated in the southern Cal-
ifornia Current System, which encompasses a productive east-
ern boundary current coastal upwelling ecosystem and diverse
other hydrographic regimes. Notably, the CCE region is char-
acterized by a high diversity of test-bearing rhizarians
(136-200 radiolarian species, mainly sampled from small size
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fractions; Kling and Boltovskoy 1995) with periodically high
abundances/biovolumes of larger cells (> 600 ym) that can
represent a substantial fraction of zooplankton communities
(Biard et al. 2016), as well as vertical fluxes of carbon (Stukel
et al. 2018) and biogenic silica (Biard et al. 2018). Vertical pro-
filing with the UVPS was conducted from the euphotic region
down to the dark mesopelagic ocean in order to define the
ecological preferences of diverse test-bearing rhizarians. We
also employ Generalized Additive Models to model the
responses of rhizarian abundance to different environmental
variables in relation to habitat depth and time.

Methods

In situ analysis of rhizarian populations

In situ measurements of rhizarian populations were
acquired between 2008 and 2016 on four process cruises of
the California Current Ecosystem Long-Term Ecological Research
(CCE-LTER) Program (P0810, P1208, P1408, P1604; the first
two digits designate the year and the second two the month).
While the different process cruises were directed to specific
questions (Ohman 2018), they all shared the same quasi-
Lagrangian design, whereby water parcels of interest (labeled
as a “Cycle”) were sampled intensively while following the
same planktonic population for several days (2-5 d; Landry
et al. 2009; Ohman et al. 2013). During these Lagrangian
experiments, covering a wide range of hydrographic condi-
tions (e.g., coastal upwelling, mesotrophic waters, offshore oli-
gotrophic waters; details in Stukel et al. 2018), we conducted
repeated vertical profiles (between 5 and 16, but typically
10 in each water parcel) with a CTD-rosette equipped with the
in situ imaging system UVPS. The UVPS is designed to quan-
tify particle concentrations and image large planktonic organ-
isms (> 600 um) at fine vertical scales (~ 1 L image™', 5-20 cm
vertical sampling resolution; Picheral et al. 2010). Although
the dimensions of an individual pixel are ~ 150 ym, we con-
sider a minimum grid of 4 x 4 pixels as necessary to resolve an
individual organism, hence we refer to a detection limit of
600 ym. Here, the smallest rhizarian identified had an equiva-
lent spherical diameter (ESD) of 877 ym. In the present study,
abundance data were binned in depth intervals of 5 m, while
discrete depth was considered for individual vignettes. A total
of 205 vertical UVPS profiles were retained to estimate inte-
grated abundances, vertical distribution and ecological niche
of test-bearing rhizarians (Fig. S1). Only 154 of these vertical
profiles extended to 500 m (i.e., upper mesopelagic). These
vertical profiles (median sampled volume of 6 m® for a 500 m
deep profile) generated 22,504 individual rhizarian vignettes
(i.e., individual image of organisms > 600 ym), after processing
the raw images as described in Biard et al. (2016, 2018). All
images were manually identified and classified by a single experi-
enced person (T.B.). Taxonomic classifications follow Adl et al.
(2019) and Nakamura and Suzuki (2015). Upon request, all indi-
vidual vignettes, their associated morphometric measures
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(e.g., area, ESD, etc.) and binned abundances are accessible
online at Ecotaxa (http://ecotaxa.obs-vlfr.fr; Picheral 2017).

Identification of in situ images of Rhizaria

Rhizarian images were first separated into different mor-
photypes based on common morphological features (e.g., overall
shape, presence of spines, etc.) and then further assigned to tax-
onomic groups (Fig. 1) based on comparisons with a collection
of rhizarian specimens collected in regional waters and elsewhere
(Fig. 2), as well as previous in situ imaging studies on Rhizaria
(Biard et al. 2016; Nakamura et al. 2017). Given the UVP5 resolu-
tion (see above), morphological criteria are limited for the smaller
end (i.e., 600-1000 ym) of rhizarians detectable with this device
and taxonomic assignments could include errors. However, we
briefly summarize below the key criteria needed to reproduce the
present delineation and present the potential points of confu-
sion between groups. We also refer the reader to our Data S1,
which contains a detailed guide used to discriminate the differ-
ent categories:

Collodaria: large specimens either found as colonies (elongated
shape with multiple dots) or solitary specimens (large sphere
with a dark nucleus) as shown previously in Biard et al. (2016)
by direct comparison with light microscopy. Possible confusion
with Castanellidae, but solitary Collodaria display a larger halo
with a gradient of gray surrounding the nucleus.

Acantharia: specimens of variable sizes, all displaying a symmetri-
cal star-shape. Possible confusion with some Aulacanthidae, but
the latter lack this symmetry.

Castanellidae: spheres with a dark central sphere (malacoma
+ scleracoma) from which arise tiny projections (i.e., spines).
The entire central sphere is surrounded by an extended net-
work of ectoplasm (gray halo). The extent of the halo is con-
stant (i.e., diameter of nucleus = 1/3 of the sphere diameter).
Possible confusion with solitary Collodaria, but for the halo
diameter and gradient of gray noted above.

Aulosphaeridae: sphere with a dark gray nucleus (phaeodium)
in its center, a geometric meshwork (skeleton) and numerous
short spines often visible at the periphery, as shown previ-
ously in Biard et al. (2016) by direct comparison with light
microscopy.

Medusettidae: specimens with ovoid central part from which three
pairs of long branch-like extensions (styles) arise. Possible confiision
with some Coelodendridae, Aulacanthidae, or Acantharia, but
none of those taxa possess these pairs of extensions.

Foraminifera: specimens with extended network of filaments
(pseudopods) reaching up to 10 times the length of the central
test.

Aulacanthidae: specimens with variable shapes, often spheri-
cal/ovoid with a phaeodium in its center and a variable num-
ber of peripheral spines. Possible confusion with Acantharia,
Medusettidae, or Aulosphaeridae, but the latter lack the
medium-sized peripheral spines.
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Coelodendridae: specimens ranging from arrow-like shapes to
ovoid cells with medium-to-large branch-like extensions
(styles). Possible confusion with Medusettidae, apart from the
extensions noted above.

Cannosphaeridae: large specimens with a loosely constructed
geometric meshwork (skeleton) and a small phaeodinium in
the center. Possible confusion with Aulosphaeridae, but the lat-
ter have a denser meshwork.

Phaeodaria (Circoporidae?): specimens with an angular cell with
11-14 long spines emerging from the center.

Tuscaroridae: large colonial specimens with a dozen individual
cells displaying 2-3 spicules oriented to the outside, and
attached to a large spherical or intricate central structure.

Context of this study with respect to previous research

The present study uses an extensive dataset of in situ images,
most of which have not been used in any published work. A
portion of this dataset (from only the 2008 cruise), with coarse
taxonomic resolution (i.e., only Acantharia, Collodaria, Pha-
eodaria, and other Rhizaria were considered), was incorporated
in a worldwide study of plankton patterns (Biard et al. 2016). A
second subset (images of the single family Aulosphaeridae
recorded in 2008, 2012, 2014, and 2016) was used for analyses
of rhizarian-mediated fluxes (Biard et al. 2018; Stukel et al. 2018).
In contrast, the present study uses all available rhizarian in situ
images in an original analysis of the ecological preferences of
the complete suite of 12 taxonomic groups over vertical gradi-
ents spanning the sea surface to 500 m depth, in a specific East-
ern Boundary Current ecosystem.

Environmental data

To assess the influence of environmental variables on rhizarian
distributions, we created a matrix of abiotic variables obtained
from (1) CTD downcast data and (2) water-column dissolved inor-
ganic nutrients, sampled at discrete depths. Data, along with
detailed sampling and analytical methods, can be found at http://
oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets. From
this matrix of environmental data, we used six variables: tem-
perature (°C); dissolved oxygen concentration (umol kg~!); Chl
a concentration (ug L™"); depth of the deep chlorophyll maxi-
mum, DCM (m); Chl a concentration at the DCM (ug L™Y; and
dissolved silicon (dSi) concentration (zmol L™!). Temperature
was measured using recently calibrated Seabird sensors (SBE 3).
Dissolved oxygen was measured using a calibrated SBE 43 polar-
ographic membrane sensor. Chl a (http://www.calcofi.org/
ccpublications/calcofi-methods/8-chlorophyll-methods.html)
and dSi concentrations (http://www.calcofi.org/ccpublicati
ons/calcofi-methods/422-nutrient-methods.html) were mea-
sured on water samples collected at discrete depths with
Niskin bottles. Dissolved silicon concentrations were linearly
interpolated (0-500 m) from discrete measurement for each
Lagrangian Cycle. Depth of the DCM was determined as the
maximum value of in vivo Chl a fluorescence detected by the
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Fig. 1. Diversity of representative test-bearing rhizarians obtained with the UVPS5 in the California Current Ecosystem. (a) Collodaria, (b) Acantharia, (c)
Castanellidae, (d) Aulosphaeridae, (e) Rhizaria unknown, (f) Medusettidae, (g) Foraminifera, (h) Aulacanthidae, (i) Coelodendridae, (j)
Cannosphaeridae, (k) Phaeodaria (Circoporidae?), and (I) Tuscaroridae. Each vignette is displayed with the depth where the organism was observed. All
images are scaled the same, except for the Foraminifera and Tuscaroridae.

fluorometer attached to the CTD rosette (after a smoothed
moving average). Particle (0.20-27 mm) concentrations were
recorded in situ by the UVPS.

For each taxonomic group, determined based on common
morphological characteristics (see Results and the taxonomic
guide in Data S1), we considered the central vertical niche as
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Fig. 2. Comparison between UVP5 images and light microscope images (or illustrations from published monographs) for our different taxonomic cate-
gories. None of these comparisons were made with the same specimens, as previously published (Biard et al. 2016). However, specimens from (a), (d),
(e), () Medusettidae, (g) Foraminifera, (h) Aulacanthidae, and (i) Coelodendridae were collected in the same CCE water as UVP5 images. Monographs
of Cannosphaeridae from Reshetnyak (1955) and Circoporidae/Tuscaroridae from Haecker (1908). Images (b) courtesy of Dr. Shinji Shimode (Yokohama
National University), (c) courtesy of Dr. Katsunori Kimoto (JAMSTEC), and (f) courtesy of Linda Lanniello (Blackwater Creatures).
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the median depth (+ interquartile range) where corresponding
vignettes were observed. Subsequently, for these central verti-
cal niches, we computed a mean value for each abiotic vari-
able retained (see above).

Statistical analysis

All data analysis was conducted using R 3.4.4. (R Core
Team, 2018), custom scripts and the following packages:
tidyverse (Wickham and RStudio 2017) and visreg (Breheny and
Burchett 2017). Nonparametric rank correlation tests
(Kendall’s Tau; Kendall and Gibbons 1990) were used to inves-
tigate relationships between: (1) rhizarian cell sizes and depth,
and (2) chlorophyll a concentration at the DCM and the
depth of the DCM (see Section 2). For each test we reported
Kendall’s Tau (correlation coefficient) and p value (test
significance).

We used Generalized Additive Models (GAMs; Hastie and
Tibshirani 1986; Guisan et al. 2002; Wood 2017) implemented
in R package mgcv, to model the relationship between the
abundance of different taxonomic groups of test-bearing
rhizarians (log-transformed) and a set of environmental vari-
ables. GAMs are non-parametric extensions of Generalized
Linear Models that offer a powerful and flexible alternative
that can estimate both linear trends as well as non-monotonic
responses, which is particularly helpful for describing ecologi-
cal patterns. The parameter controlling the degree of smooth-
ness was reduced (k = 5) to avoid over-smoothing of the data.
For each taxonomic group, analyses of their responses to envi-
ronmental variables were constructed based on the following
rationale:

1. A subset of environmental variables was first selected a
priori, based on hypotheses found in literature. For exam-
ple, only taxonomic groups including siliceous skeleton-
bearing rhizarians were tested against dissolved silicon
concentrations, or only potential flux-feeders were tested
against particle concentrations.

2. A GAM was first performed with the inclusion of year
(i.e., cruise) as predictor to account for interannual (inter-cruise)
variations. The GAM was formulated as Log(Abundance) ~ s
(Variable 1) + s(Variable n) + cruise, where s represents the
smoothing function for the different » variables. If significant,
we reported the responses of each smoothed term on a yearly
basis (see Table S1).

3. If no statistically significant effect of cruise was determined,
we removed the year as a predictor variable and performed
a second GAM (using the same equation as shown above,
without cruise). For each model, we obtained the following
metrics: fitted values, residuals, adjusted R?, restricted maxi-
mum likelihood (REML) score, deviance explained (%), and
p values for F statistics. We report the last four values in
Table S1. For each GAM output, we provide a smoothed
spline (reduced to a simple linear effect if necessary) of each
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variable’s relative contribution to predicting observed
abundances, as well as an overall model.

Results

Diversity of test-bearing rhizarians

Twelve distinct categories of large rhizarians (i.e., > 600 um)
were delineated based on common morphological features (see
Data S1 for the detailed morphological criteria used to discrim-
inate the different categories) and assigned to the following
taxonomic groups: two types of radiolarians, one foraminif-
eran, and eight phaeodarians (Figs. 1, 2). A subset of vignettes
(n = 188) could not be clearly assigned to one of the other
11 specific rhizarian categories and were, in this case, assigned
to a general category (Fig. le). These categories are hereafter
described starting with those inhabiting surface waters, con-
tinuing with those dwelling deeper.

Collodaria (Figs. 1a, 2a), comprising both colonial and solitary
forms (n = 487 vignettes), and Acantharia (Figs. 1b, 2b) (n = 931)
occur mainly in the upper epipelagic zone (< 100 m). At the base
of the euphotic zone (~ 100 m), two phaeodarian families were
identified: Castanellidae (n = 814; Figs. 1c, 2c) and numerous speci-
mens of Aulosphaeridae (n = 18,772; Figs. 1d, 2d). At greater
depths, the phaeodarian family Medusettidae (1 = 30) was repre-
sented by a few organisms (Figs. 1f, 2f) and occurred along with
Foraminifera (n = 196; Figs. 1g, 2g), and the phaeodarians
Aulacanthidae (n = 725; Figs. 1h, 2h) and Coelodendridae (n=271;
Figs. 1i, 2i). The three remaining phaeodarian categories were
restricted to waters deeper than 350 m: the Cannosphaeridae
(n = 33; Figs. 1j, 2j), a group of phaeodarians, likely belonging to
the family Circoporidae (n = 61; Figs. 1k, 2k) and three specimens
members of the family Tuscaroridae (Figs. 11, 2I).

Overall, test-bearing rhizarians detectable by UVPS
encompassed organisms ranging in size (expressed as ESD) from
877 um, for a single cell of Castanellidae, to 12.6 mm for a colonial
collodarian (Fig. 3). We observed a significant tendency of increas-
ing size of rhizarians with increasing depth (Kendall’s T = 0.24;
p < 0.05). While most categories included organisms with diame-
ters between 1 and 3 mm, several taxa including the Foraminifera,
Tuscaroridae, and Cannosphaeridae, mostly exceed a mean size of
3 mm. These three taxa, in addition to colonial collodarians,
included organisms of large individual sizes (e.g., Canno-
sphaeridae), with extended pseudopodial webs (e.g., Foraminifera)
or those forming large colonies (e.g., Tuscaroridae). We observed
that not only the preceding taxa, but all phaeodarian families can
often occur as colonies of several unicellular specimens. This colo-
nial feature explains some of the size variability within a single
taxon (e.g., Aulosphaeridae; Figs. 1, 3).

Vertical niche definition

In order to define test-bearing rhizarians’ realized ecological
niches, we compared their vertical distribution with profiles of
environmental variables, including temperature, dissolved sili-
con and dissolved oxygen (Fig. 3). We defined three layers
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Fig. 3. Niche definition of test-bearing rhizarians. Violin plots showing the size distribution and affinity of different rhizarian taxa with four environmental variables.
Boxplot indicates median (white dot), ranges between the first and third quartiles, and whiskers cover extreme data points within 1.5 IQR range from the quartiles.
Blue areas are kernel density plots (represented symmetrically on both sides) showing the probability density distributions of the data. Number of specimens in each
category is displayed in the bottom right panel. Acantharia and Foraminifera are omitted from the dissolved silicon plot because they are not known to utilize it.

occupied by specific taxa (Fig. 4a) and observed an overall
increase of morphotype diversity in the epipelagic and the

upper mesopelagic (Fig. 4b).

The upper ocean or epipelagic zone was characterized by
the presence of Collodaria (median vertical niche = 35 m) and

Acantharia (35 m), found primarily in the first 100 m (but spo-
radically down to 500 m). These two taxa occurred at tempera-

tures ranging from >11°C to 14-16°C, for Acantharia and

Collodaria, respectively,

and thrived in well oxygenated and

dissolved silicon-depleted surface waters.
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At the base of the euphotic zone, in the lower epipelagic, we
observed three taxa, the Castanellidae (101 m), the unknown
Rhizaria (103 m) and finally the Aulosphaeridae (106 m).
The three categories were mainly found in well oxygenated
(> 100 umol kg™') water, with temperatures of 10 + 1°C and dis-
solved silicon concentrations of ~ 20 ymol L1,

The third vertical layer, corresponding to the upper mesope-
lagic (200-500 m), was characterized by a more diverse commu-
nity (seven groups) of test-bearing rhizarians associated with
colder temperatures (< 8°C). Two taxa were transitional between
the limit of the euphotic zone and the upper mesopelagic:
Medusettidae were observed consistently between 150 and 400 m,
while the Coelodendridae displayed a bimodal vertical distribu-
tion with higher densities at ~ 100 and ~ 400 m. Apart from these
two specific taxa, the remaining ones (i.e., Foraminifera,
Tuscaroridae, Cannosphaeridae, Aulacanthidae, and the likely Cir-
coporidae), were associated with deep (> 300 m) mesopelagic
waters, enriched in dissolved silicon (> 60 ymol L™!) and close to
the oxygen minimum zone (OMZ; oxygen concentration
<50 yumol kg™ 1).

Rhizaria abundance over time

Integrated abundances of the different rhizarian categories
(with the exception of the Tuscaroridae, which were too rare to
be reliably sampled) were quantified in the different Lagrangian
cycles and frontal studies (Fig. 5; Table S2). Considering all four
cruises, Aulosphaeridae phaeodarians (Fig. 5d) were the most
abundant test-bearing rhizarian taxon within the first 300 m (but
also extending to 0-500 m). In the upper 300 m, the remaining
taxa, Collodaria (Fig. 5a), Acantharia (Fig. Sb), and Castanellidae
(Fig. 5¢) showed integrated abundances of the same order of mag-
nitude as one another. When extending to the mesopelagic
(0-500 m), abundances of phaeodarians (Fig. Se-1) and foraminif-
erans (Fig. 5i) were also of the same order of magnitude, with the
phaeodarian Aulacanthidae consistently being the most abun-
dant overall.

The variability over time (i.e., within and between
cruises) differed markedly among different types of test-
bearing rhizarians and appeared slightly more pronounced
in the upper ocean layer. Indeed, for Castanellidae and
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Fig. 5. Variation of rhizarian integrated abundances over the four process cruises (red: 2008; blue: 2012; green: 2014; purple: 2016). (a) Collodaria, (b)
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Aulosphaeridae (Fig. 5c,d), abundances were considerably summer cruises). For other taxa primarily occupying upper
higher and more variable during the 2008 cruise (late sum- ocean layers (Collodaria and Acantharia; Fig. 5a,b), inter-
mer/early fall) than for the three following years (spring and and intra-cruise variability appeared reduced with
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occasionally higher abundances in specific samples.
Although we observed a diminution in integrated abun-
dances between the 2008 +2012 and the 2014 + 2016
cruises, this difference applied to almost all taxa, including
those dwelling near the surface.

Influence of environmental variables on rhizarian
populations

Having established the wvertical niches of test-bearing
rhizarians and their variability in abundance among cruises,
we explored environmental variables that may explain and
predict this variability. For each layer defined above, we first
developed GAMs including all rhizarians, regardless of taxo-
nomic affiliation (Figs. 6, S2). For the upper epipelagic zone
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(Rzadi = 0.48, deviance explained = 51%), the depth of the
DCM, Chl a concentration [Chl a] at the DCM and DCM
depth were retained as explanatory variables. Deeper in the
lower epipelagic, temperature, DCM, particle concentration
and dissolved silicon were found to have significant effects on
rhizarian abundances (Rzadj = 0.93, deviance explained = 94%).
A significant effect of sampling year was found. Finally, in the
upper mesopelagic zone (Rzadj = 0.63, deviance explained = 65%),
rhizarian abundances were significantly influenced mainly by
dissolved silicon followed by oxygen concentration, and to a
lesser extent by temperature and particle concentration.

Next, in order to better understand the variables governing
specific taxa, GAMs were fitted to the different rhizarian cate-
gories described above (Figs. 7-9), with the exception of
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Cannosphaeridae, Tuscaroridae, and Medusettidae, all of
which were too rare to produce interpretable GAMs. Given the
composite nature of “Rhizaria unknown,” no GAM was
attempted for this category. Overall, statistical performances
of GAMs differed substantially among the various groups
(Table S1) but the same explanatory variables found to be sig-
nificant in the GAMs performed by vertical layer (Figs. 6, S2),
irrespective of taxonomic identity, were observed to have
mostly the same influence for individual taxa.

Within the epipelagic zone, temperature, the depth of DCM
and [Chl a] at the DCM were retained as explanatory variables
for the GAMs, and produced Rzadj of 0.42 and 0.21, for
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Acantharia and Collodaria, respectively (Fig. 7; Table S1). No
significant effect of sampling year was recorded for either taxon.
For Collodaria, all three tested variables had significant effects
(Fig. 7a), while the DCM depth appeared to have an insignifi-
cant effect in the model for Acantharia (Fig. 7b). The response
to increasing temperatures revealed a positive response from
11°C to 13-14°C with increasing abundances of both taxa,
followed by a reduced or negligible response (i.e., threshold
effect). Both taxa showed the same response of increasing abun-
dances with increasing [Chl a] at the DCM, while only
Collodaria displayed a significant negative response to the deep-
ening of the chlorophyll maximum (Fig. 7a).
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For rhizarians dwelling in the lower epipelagic zone, tempera-
ture, DCM, particle concentration and dissolved silicon were
explanatory variables. Carbon fluxes (recorded with sediment
traps at 100 m) show no significant effects on abundances of
both types of organisms (Castanellidae, Kendall's T =0.03,
p = 0.60, n = 129; Aulosphaeridae, T =0.07, p = 0.25, n = 150)
and were not considered further. The resulting GAMs produced
moderate to strong Rzadi values of 0.71 and 0.91 (detailed statis-
tics shown in Table S1), for Castanellidae (Fig. 8a) and
Aulosphaeridae (Fig. 8b), respectively. Here, year/cruise had a sig-
nificant (P200s,2012,2014,2016 < 0.001 for both taxa) and strong
effect on observed abundances. The contribution of each vari-
able was non-uniform and produced different patterns for indi-
vidual taxa, with the year 2014 (a time of exceptional warm
anomalies; Zaba and Rudnick 2016) standing out with often
opposite patterns. The resulting, yet contrasting models
suggested: a general decrease in abundance with increasing tem-
perature (except for 2014); a minimal effect of the DCM on both
taxa; a limited effect of increasing particle concentration, except
for the sharp increase of abundance of Aulosphaeridae in 2012.
The modeled responses to increasing dissolved silicon concentra-
tion differed between Castanellidae and Aulosphaeridae, with
the former showing a negative or negligible response, while the
latter showed a weakly positive response.

In the third zone, i.e., the upper mesopelagic layer, GAMs
produced models with low-to-moderate Rzadj: <0.26 for Forami-
nifera, Aulacanthidae, and Coelodendridae, and 0.44 for the
unknown phaeodarians (Fig. 9; Table S1). Similar to the epipe-
lagic GAMs, we detected no significant effects of sampling year
on observed abundances of these four taxa, nor considered Car-
bon flux at 100 m as an explanatory variable. Although the
overall GAM fits explained limited variance (0.12 < Rzadj <0.26),
the three phaeodarian taxa from this upper mesopelagic layer
consistently showed increased abundances with higher dis-
solved silicon concentration (Fig. 9a,c,d). The overall GAM
model for Foraminifera explained little variance, but revealed a
significant response of decreased abundances in increasing dis-
solved oxygen concentrations (Fig. 9b).

Discussion

Diversity of test-bearing rhizarians from in situ imaging

In situ images of test-bearing rhizarians in the California
Current Ecosystem revealed 12 visually-recognizable morpho-
logical categories, with mixed taxonomic ranks inherent to
the minimum size resolvable by the UVPS (> 600 ym). Com-
pared to the 12 morphotypes observed here, early studies in
the CCE and nearby regions reported radiolarian diversity an
order of magnitude higher, ranging from 136 to 200 species
(Casey 1966; Boltovskoy and Riedel 1987; Kling and
Boltovskoy 1995). These estimates of diversity cannot be
directly compared with the present results, as early studies
used plankton nets (with mesh size < 62 ym) targeting the
small polycystines (e.g., Spumellaria, Nassellaria, etc.) that are
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undetectable with the UVPS, and also analyzed preserved
specimens by microscopy. However, since rhizarian tests can
be easily damaged upon collection with plankton nets
(Nakamura and Suzuki 2015; Suzuki and Not 2015) or dis-
solved upon preservation with traditional fixatives (Beers and
Stewart 1970), in situ imaging confers other advantages. In
situ imaging is a non-invasive means of observing fragile
planktonic organisms (e.g., Remsen et al. 2004; Benfield
et al. 2007), including test-bearing rhizarians, in their natural
habitat. Such images can record natural feeding postures and
extension of rhizopodia, the organisms’ 3-dimensional orien-
tation, aggregations of multiple cells, etc. (Dennett et al. 2002;
Biard et al. 2016; Ohman et al. 2018; Gaskell et al. 2019). For
non-rhizarian taxa, imaging has even resolved interactions
between predators and prey (Ohman et al. 2018) and fine-
scale distributions (Luo et al. 2014; Faillettaz et al. 2016).

While seven of the rhizarian categories observed here were
previously described in this region, others, including the
phaeodarians Medusettidae, Coelodendridae, Cannosphaeridae,
and Tuscaroridae have rarely been reported in the CCE, and in
few instances worldwide. Among these taxa, Cannosphaeridae
are often captured in subtropical waters but are severely damaged
upon collection (Nakamura and Suzuki 2015). We could not find
any reference to the Medusettidae in contemporary studies off
California and only a few worldwide (e.g., Cachon and Cachon-
Enjumet 1965). Only a handful of studies have reported the pres-
ence of large colonial Tuscacoridae (Ling and Haddock 1997) and
Coelodendridae (Zasko and Rusanov 2005). For these taxa, in situ
collection with remotely operated vehicles (Beittenmiller 2015),
submersible vehicles (Swanberg et al. 1986) or in situ imaging
(Nakamura et al. 2017) has enabled detailed observations. Regard-
less of differences in taxonomic resolution between this and pre-
vious studies, our detection of these elusive taxa at depth
supports the increase in rhizarian diversity with depth near
the CCE (Gulf of California; Zasko and Rusanov 2005) or else-
where (e.g., highest phaeodarian diversity at ~ 7000 m in the
Kamchatka, Reshetnyak 1955). This increase in diversity is incon-
sistent with the expected decrease in protistan diversity toward
the mesopelagic (Robinson et al. 2010) but should be viewed as
an example of adaptation of phaeodarians to deep-dwelling life.
We have also confirmed the tendency for larger organisms to
occur deeper in the water column, a typical feature not only of
phaeodarians (Zasko and Rusanov 2005), but also numerous
other deep-sea organisms (e.g., Bergmann’s principle of increas-
ing cell size with decreasing temperature; Timofeev 2001).

Vertical niche distribution and influence of environmental
factors

In the upper layers of the CCE (0-200 m) most test-bearing
rhizarians showed pronounced changes in abundances within
and between cruises. Early on, it was reported that the upper
200 m off Southern California showed seasonal changes in
rhizarian populations, depending on ocean circulation (Casey
1966). Notably, such seasonal fluctuations in rhizarian
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assemblages were not reported deeper, in the mesopelagic
layer (Casey 1971), a consistent pattern observed here. Further
analyses should focus on resolving depth-dependent rhizarian
population variability in the CCE with respect to ocean circu-
lation and upwelling dynamics (e.g., Lavaniegos and
Ohman 2007).

With images taken in situ every ~ 5-20 cm and binned to
depths of 5 m, from the surface down to the mesopelagic
layer, we were able to define the vertical niches of different
taxa of test-bearing rhizarians at unprecedented resolution.
Until the advent of in situ imaging techniques, vertical niche
definition relied on the use of traditional sampling methods
like plankton nets, Niskin bottles or pumps, all representing
rather coarse vertical resolution, leading to broad estimates of
vertical niches (Dworetzky and Morley 1987; Zasko and
Rusanov 2005). Although four studies have used in situ imag-
ing technologies for rhizarian habitat analyses (Dennett
et al. 2002; Biard et al. 2016; Nakamura et al. 2017; Gaskell
et al. 2019), none has analyzed fine-scale vertical distributions
in relation to environmental variables. Nevertheless, our
results overall are similar to previous assessments of the verti-
cal ranges of polycystine radiolarians in the northern subtropi-
cal Pacific (Boltovskoy et al. 2017), although most of the
organisms detected in the present study belong to the Pha-
eodaria (taxa not covered in Boltovskoy et al. 2017). Four
major vertical zones were delineated by Boltovskoy
et al. (2017): (1) species limited to surface waters (< 100 m),
(2) species inhabiting the base of the euphotic zone (~ 100 m),
(3) species from intermediate waters (100-300 m), and
(4) deep-dwelling species (> 300 m). With only three vertical
zones defined in the present study using in situ imagery, the
earlier authors’ vertical zonation is similar, the only difference
being species inhabiting intermediate waters. We found two
taxa, Medusettidae and Coelodendridae to be transitional
between the base of epipelagic and upper mesopelagic zones,
which would correspond to the earlier zonation.

We investigated the influence of environmental factors on
rhizarians inhabiting these vertical layers at both aggregated and
taxon-specific levels. The similarities we observed between both
types of GAMs (i.e., aggregated taxa and taxon-specific) can be
explained by the similarity of constraints acting on different taxa
within a vertical stratum (e.g., groups harboring photosymbionts
thriving in the illuminated epipelagic). The primary differences
between types of GAMs related to overall model performance
(i.e., Rzad,-, deviance explained, etc.). Such differences were likely
a result of differences in numbers of data points, where GAMs
including all taxa decrease the probability of null abundances.
To further compare our results with existing knowledge on
taxon-specific rhizarian ecology, we discuss GAMs by taxon
below following the vertical zonation described previously.

Epipelagic zone
In the epipelagic layer (i.e., 0-100 m), both Collodaria and
Acantharia were the dominant taxa, along with a few other
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less common forms. The presence of both of these taxa in sur-
face layers has been reported on several occasions and in con-
trasting ecosystems (e.g., Beers and Stewart 1971; Anderson 1983;
Michaels 1988; Boltovskoy et al. 2017). This affinity with surface
illuminated layers is likely related to the presence of photo-
symbionts in some acantharian cells (i.e., in three out of nine
molecular clades; Decelle and Not 2015) and in almost all col-
lodarian species (Hollande and Enjumet 1953). Notably, the non-
symbiotic relatives of acantharians (Decelle and Not 2015) and
collodarians (probably limited to the family Collophidiidae; Biard
et al. 2017) have been observed deeper in the dark ocean
(Schewiakoff 1926; Bernstein et al. 1999; Biard et al. 2017). Inter-
estingly, although both have the ability to adjust their buoyancy
and vertical position (Michaels 1988), physical mechanisms at
the air-water interface (e.g., Langmuir cells or zodcurrent as
referred to by Haeckel 1893) can lead to increased concentration
or patchiness in surface layers during periods of calm ocean con-
ditions (Casey 1971; Swanberg 1983; Michaels 1988). Conversely,
wind-driven disturbances could lead to decreased abundances of
epipelagic rhizarians by mixing the community through the
water column. This phenomenon could explain high acantharian
densities observed in frontal regions in 2012 (Fig. 4b), a similar
pattern observed in situ in a frontal zone of the Ligurian Current
(Mediterranean Sea; Faillettaz et al. 2016).

In the surface layer, temperature significantly influenced
collodarian and acantharian abundances, with lower abun-
dances in waters cooler than 13-15°C. This pattern is consis-
tent with previous studies, highlighting the importance of
temperature (followed by nutrients and primary productivity)
for radiolarian abundances and distribution in this layer
(Dworetzky and Morley 1987; Boltovskoy and Correa 2016).
While increases in collodarian abundances have been previ-
ously associated with increasing chlorophyll a concentration
at the deep chlorophyll maximum (Faillettaz et al. 2016), here
a deeper DCM also led to a decrease in abundances. Whether
this is a cause-and-effect relationship is unclear, as chlorophyll
a concentration at the DCM was negatively correlated
with the depth of the DCM (Kendall’s T 0.38; p<0.001,
n = 243). Also, Chl a increases in deep water often reflect
increased Chl a per cell rather than increased biomass. Yet,
the limited statistical fits of overall GAM models suggest that
variables other than temperature, chlorophyll a concentration
or DCM, should be considered to fully understand abundance
changes of epipelagic rhizarians. Given the mixotrophic
nature of most epipelagic rhizarians, variability of food con-
centrations (e.g., bacteria, protists, etc.) and/or co-occurrence
of free-living symbiont populations on epipelagic rhizarians
should be evaluated, in addition to predators and parasites.

Lower epipelagic zone

At the base of the epipelagic zone, the CCE region was
characterized by three phaeodarian groups: the abundant taxa
Aulosphaeridae and Castanellidae, and less abundant Coe-
lodendridae. Further south, in the Gulf of California, their
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presence has been previously observed at similar depths,
expected for the Aulosphaeridae, which were observed deeper
and with considerably lower abundances (Zasko and
Rusanov 2005). Elsewhere, these taxa have also been observed
in slightly deeper layers (e.g., < 500 m in the South Atlantic;
Kling and Boltovskoy 1995) where they can occupy a substan-
tial fraction of zooplankton biomass (e.g., 2.7-13% at
200-300 m at station ALOHA; Steinberg et al. 2008). However,
it has been hypothesized that the vertical distribution of test-
bearing Rhizaria can vary with latitude, with some species
found in shallow surface waters in high latitudes, but poten-
tially in deeper layers in low latitudes (Casey 1977). This vari-
ability is believed to be related to water temperature, a factor
constraining phaeodarian vertical distributions elsewhere
(reviewed in Nakamura and Suzuki 2015). In a companion
study to the present work, Aulosphaeridae were inversely cor-
related with the depth of the 10°C isotherm (Stukel et al. 2018).
Here, in most cruises, the GAMs showed significant decreases
of epipelagic phaeodarian populations with increasing temper-
ature at the depth of their preferred habitat (~ 100 m). In addi-
tion to water temperature, food supply and dissolved silicon
concentration are secondary limiting factors for phaeodarians
(reviewed in Nakamura and Suzuki 2015).

Early on, it was hypothesized that deep-water rhizarians
should be more abundant below regions of high productivity
(Casey 1987). The GAMs generated for Aulosphaeridae and
Castanellidae did not produce strong evidence to support
increased phaeodarian abundances with enhanced particle
concentrations (considered here as a proxy for the food of
flux-feeders). Neither were relationships detected between the
abundance of phaeodarians and the magnitude of carbon
export, as determined using sediment traps or the ***Th
method. However, phaeodarians, known to be flux feeders
(Gowing 1989), are also omnivores that feed on suspended
bacteria and protists (Anderson 1983; Gowing 1986; Gowing
and Wishner 1992). As little is known about phaeodarian ecol-
ogy (Nakamura and Suzuki 2015), the relative importance of
these two different diets is unknown. We cannot exclude the
possibility that a lack of response to increased particle concen-
trations reflects a predominantly omnivorous diet in the lower
epipelagic, and similar to epipelagic rhizarians (see above Sec-
tion 3) the importance of biotic factors such as prey and pred-
ator availability is yet to be included in statistical models.

The GAMs for the two phaeodarian taxa inhabiting the
lower epipelagic showed contrasting yet significant responses
to increased dissolved silicon (dSi) concentrations, from slight
decreases of Castanellidae abundances to moderate increases
of Aulosphaeridae. For smaller phaeodarians, the availability
of dSi could influence their vertical distribution, since some
species migrate to layers of higher dSi concentrations (Okazaki
et al. 2004). Here we did not find evidence of changes in verti-
cal distribution over time, suggesting a rather stable position-
ing at~100m (see also Ohman et al. 2012), potentially
corresponding to a habitat that optimizes phaeodarian
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temperature preferences and food availability. In this scenario,
dSi concentration would have a limited effect on lower epipe-
lagic rhizarian communities, contrasting with observations
from the upper mesopelagic.

Upper mesopelagic zone

Below the 200 m horizon in the CCE, in situ observations
revealed a diverse rhizarian community, characterized mostly
by large phaeodarians and planktonic foraminiferans, both
with relatively stable abundances over time. Unlike their rela-
tives from the lower epipelagic zone, the three testate
phaeodarian taxa, Coelodendridae, Aulacanthidae and
unknown phaeodarians, displayed a significant increase of
abundance with increasing dSi in the mesopelagic layer.
Together with the lack of or weak response to temperature
and particle concentrations, this pattern is some of the first
direct evidence that dSi availability may influence deep
phaeodarian communities. Below a certain depth threshold,
the decrease in water temperature (shown early on to be a
major variable affecting phaeodarian vertical distribution;
Nakamura et al. 2013) is slow and constant. Therefore, below
a given temperature, phaeodarians are likely to meet favorable
conditions to survive and grow at depth, but our results sug-
gest that their success could then be partially constrained by
dSi availability. However, as dSi concentrations are correlated
with depth (and pressure), their effects could potentially be
confounded with those of hydrostatic pressure. At this time,
we still lack understanding of much fundamental rhizarian
biology (Nakamura and Suzuki 2016; Suzuki and Not 2016),
however, one early study suggested the lack of hydrostatic
pressure effects on rhizarians, apparently due to the lack of
gas-filled spaces in the cell (Funnell 1967). Although dSi con-
centrations turned out to be a significant predictor for all three
mesopelagic phaeodarians, the overall GAM performances
(0.12 < R?,4; < 0.26) indicate that dSi plays only a minor role
in the overall variations of phaeodarian abundances, and addi-
tional variables need to be considered. Nevertheless, we sug-
gest that direct experimental work be undertaken to establish
the concentrations of dSi over which Rhizaria saturate their
rates of uptake.

In this layer, in situ observations also revealed that various
test-bearing rhizarians thrive in oxygen depleted water
(< 50 yumol kg™1). Only digitate foraminifera (e.g., Hastigerina
spp.), observed in the present study, have already been associ-
ated with the OMZ (Hull et al. 2011; Gaskell et al. 2019), while
a similar pattern has not been clearly reported so far for
phaeodarians. This association with the OMZ was believed to
coincide with a peak in mesopelagic biomass, located above
the OMZ, upon which the carnivorous digitate foraminifera
depend for locating their prey (e.g., calanoid copepods; Hull
et al. 2011). Given the omnivorous behavior of phaeodarians
(Anderson 1983; Gowing 1986; Gowing and Wishner 1992),
in situ observations of specimens covered with marine snow
(Hull et al. 2011), and the lack of in situ images that could
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support hypothesis of feeding by phaeodarians on metazoans,
it seems likely that phaeodarians are less dependent on the
OMZ position than their carnivorous relatives.

Beyond the role of abiotic factors on rhizarian populations

Although we modeled the effects of several environmental
variables in three different vertical provinces, the moderate
performances of most GAMs suggest that additional variables,
other than those tested here, influence rhizarian abundances
over time. For example, we cannot rule in or out the impact
and importance of biotic interactions (i.e., predation, symbio-
sis, parasitism) in explaining distribution patterns and sea-
sonal variations. However, in the current state, little is known
about potential predators, parasites, or pathogens of test-
bearing rhizarians. Early laboratory and field studies suggested
that rhizarians are omnivores able to consume diverse types of
prey ranging from bacteria (Gowing and Garrison 1992), pro-
tists (e.g., diatoms, tintinnids, dinoflagellates, etc.; Swanberg
and Harbison 1979; Anderson et al. 1984; Gowing and
Garrison 1992), to metazoans like copepods (Anderson 1978).
The few predators reported so far include hyperiid amphipods
(Swanberg and Harbison 1979) or lobster larvae (O’Rorke
et al. 2012), while other taxa have been shown to avoid the
consumption of rhizarians, potentially because of sterol com-
pounds produced by photosymbiotic species (Swanberg 1979;
Anderson 1983). To our knowledge, no comprehensive reports
of test-bearing rhizarians have been made from the gut con-
tents of mesopelagic metazoans. Therefore, although our
GAM models explained a moderate percentage of deviance,
our limited knowledge of biotic interactions with test-bearing
rhizarians currently prevent the inclusion of biotic drivers in
models.

Implications for rhizarian ecology and evolution

The present data provide insights into the evolution of test-
bearing rhizarians with respect to their environment and com-
petition with other silicifiers, diatoms in particular. Although
radiolarians were among the first protistan lineages inhabiting
the primitive ocean (Suzuki and Oba 2015), the decrease in
dSi concentration during the Cenozoic (ca. 66 Ma), coupled
with the rise of diatoms, led to a decrease in radiolarian silicifi-
cation and ecological success (Lazarus et al. 2009). Here we
distinguish three distinct vertical layers, which may reflect dif-
ferent biological adaptations. In surface layers of the CCE,
where diatoms often dominate phytoplankton communities
(e.g., Brzezinski et al. 2015; Taylor et al. 2015), two test-
bearing rhizarians dominate in dSi poor water masses:
(1) Collodaria, the most recent radiolarian lineage (ca. 40 Ma;
Suzuki and Oba 2015), with two collodarian families
(Sphaeorozoidae and Collophidiidae) out of three typically
possessing simple silicified spines (e.g., Sphaeorozoum) or even
lacking all silicified structures (Biard et al. 2015) and
(2) Acantharia, which build tests of strontium sulfate. Both
forms are therefore not influenced (or minimally influenced
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for the few silicified collodarians) by the lack of dSi. Deeper,
from the base of the euphotic zone to the deep and dark oce-
anic layers where diatoms are absent, dSi concentrations
increase. Although the concentration of dSi to which
phaeodarians respond remains unknown, large silicified
phaeodarians become more diverse with depth and their
abundance could be influenced by dSi availability as reflected
by the present GAM results. Should the relationships between
dissolved silicon and phaeodarian distribution prove to be
physiologically relevant through experimental work, these
results suggest the possible importance of dissolved silicon in
structuring protistan communities from the surface to the
deep mesopelagic ocean.

Conclusions

Interest in planktonic rhizarians has expanded markedly in
the last two decades, thanks to the development of molecular
techniques and in situ imaging (Caron 2016). Using non-
invasive in situ imaging, here we found three primary vertical
habitats of test-bearing planktonic Rhizaria in the upper
500 m of the water column off Southern California: epipe-
lagic, lower epipelagic, and upper mesopelagic assemblages. A
diverse community of Rhizaria thrives in the mesopelagic
zone, where large silicified specimens are prevalent. Statistical
modeling with Generalized Additive Models revealed that
abundances of the dominant rhizarians in each of these zones
are partially defined by: Epipelagic—temperature and Chl a at
the DCM; Lower epipelagic—temperature and dissolved silicon
concentrations; Upper mesopelagic silicifiers—silicic acid; Upper
mesopelagic Foraminifera—dissolved oxygen. In order to better
resolve and model abundance variability over time, future
studies should treat the role of biotic interactions such as pre-
dation, symbiosis, and parasitism on different rhizarian taxa.

While the present study delineates the habitats of different
categories of rhizarians, companion studies in this region eval-
uated biogeochemical impacts of selected taxa. Large
phaeodarian Aulosphaeridae, together with Castanellidae,
transport important amounts of biogenic silica to the deep
ocean (Biard et al. 2018) and also play substantial roles in car-
bon flux attenuation in the mesopelagic (Stukel et al. 2018).
Together, these studies suggest the need to represent larger
planktonic Rhizaria in ecological and biogeochemical models,
with explicit consideration of their depth-dependent impacts.
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Appendix 1 — Taxonomic guide to rhizarian identification based on UVP5 images

Classification of the rhizarian categories with respect to higher taxonomic ranks (after: Adl et al.
2019; Nakamura and Suzuki 2015).

Phylum Sub-phylum Class Order Category Figl
Radiolaria Polycystinea Collodaria Collodaria la
Retaria Acantharea - Acantharia 1b
Foraminifera - - Foraminifera 19
Aulacanthida Aulacanthidae 1h
. Aulosphaeridae 1d
Phaeosphaerida Cannosphaeridae 1j
o . . Castanellidae 1c
Rhizaria Cercozoa Thecofilosea Phaeodarea Phaeocalpida Tuscaroridae 1l
Phaeogromida Medusettidae 1f
Phaeodendrida Coelodendridae 1i
) Phaeodaria 1k
(Circoporidae?)
) i ) ) Rhizaria 1e
(unknown)

Below, we describe each category individually with the key morphological features used for
identification. Each category is discussed using the same vignettes shown in Figures 1 and 2.



1. Acantharia

Fine and straight spines
(small-to-medium size)

5 mm .
cce£0810_01 1
628 m

© Dr. Shinji Shimode

Identification: With their typical star-like shapes, acantharians cells are easily identified by the
presence of symmetry between two opposed spines. The number of these spines varies between
specimens and is not informative.

Supplementary criteria: As several acantharians species host photosymbionts, acantharians are
more likely to be found in the euphotic zone.

Confusion with other categories: The symmetry of the cell is often the most informative criterion

and cannot be confused with other categories where projections are not symmetrical. Could be
confused with Foraminifera, Coelodendridae or Phaeodaria (Circoporidae?).

2. Collodaria

Collodarians display two main shape: colonial form and solitary forms.

Oblong colonial collodarian

o

Multiple dots
(single collodarian cell)

Halo at the periphery
(visible or not)

5.0 mm

408 D60
46 B.1m

G

Identification: Colonial collodarians are easily identified because of their large size, the presence
of multiple cells embedded within a same specimen, and often the presence of a halo surrounding
the colony.



Confusion with other categories: no confusion likely.

Solitary collodarians

Central capsule (= dark sphere)
/ Halo: /\.
\ Light grey /

\ Almost transparent edges

5 mm 5 mm
ccep0210_003 ccep0210_005
23m 19m ~

Identification: Unlike their colonial relatives, solitary collodarians are composed of one unique
single cell with a large size. The solitary collodarian is composed of one central capsule (dark) in
its center and often a large halo surrounding the central capsule. This halo is characterized by a
gradient of grey from the inner part (light grey) to the outer edges (white or almost transparent).
Often, arm-like projections (grey) can be seen inside the halo (see image on the left-hand side).

Confusion with other categories: The main confusion comes from the Castanellidae that display
the same spherical shape with halo. However, the gradient of grey is crucial to discriminate both
categories. The gradient is absent in Castanellidae. Aulosphaeridae have the same spherical
shape, but the edges of the sphere are clearly defined by a darker grey limit. Cannosphaeridae
can be easily distinguished from solitary collodarians based on the alveolated pattern in the halo.

Supplementary criteria: Like acantharians, all known collodarian species described so far host
photosymbionts. Therefore, they are more likely to be found in the euphotic zone.

3. Castanellidae

Light grey on the top

Central sphere (dark),
with tiny spines

» <

\

5 mm

— ]
ccep0310 D36
3172 1623 m

Light grey on the bottom

© Dr. Katsunori Kimoto



Identification: Castanellidae are composed of one unique single cell with a medium size. The
specimen is composed of one dark central sphere (malacoma + scleracoma) with small spines
visible at the periphery. The entire central sphere is surrounded by an extended network of
ectoplasm (grey sphere) with two darker areas visible at the top and the bottom of the specimen.
The thickness of the ectoplasm is equivalent to the diameter of the central sphere.

Confusion with other categories: confusion with solitary collodarians as described previously.
Supplementary criteria: None.

Remarks: Castanellidae can be found as colonies of several individual specimens, as shown in
Figure 1.c (images with depths = 322 and 250 m).

4. Aulosphaeridae

Aulosphaeridae display two main shape: spherical and ovoid.

Dark grey periphery
/ with small spines visible
» “. b\
. @< Central sphere (dark)
$IN = phaeodium
Irregular surface

(geometric meshwork)
. 5.0mm A
cce1P1 106_oyoled D2 due to the skeleton
2007 370m

Identification: Aulosphaeridae are observed as sphere of medium size with a geometric meshwork
(skeleton) at the surface, with numerous short spines often visible at the periphery, and, in its
center, a clearly visible phaeodium.

Confusion with other categories: Possible confusion with solitary collodarians as described

previously.

Supplementary criteria: None.

Remarks: Aulosphaeridae can be found as pairs or colonies of several individual specimens, as
shown in Figure 1.c (images with depths = 91, 308, or 782 m).



Dark grey periphery
<— with small spines visible

Central sphere (dark)
= phaeodium

Irregular surface
(geometric meshwork)

§ mm due to the skeleton

—_— )
ccep0310_011
5108 m

Identification: ‘Ovoid’ Aulosphaeridae appear similar to the spherical morphology, but the
overall shape is an elongated sphere (= ovoid-like). The position of the central dark part is variable.

Putative taxonomic affiliation = Aulatractus spp.

5. Rhizaria unknown

Identification: This category includes images that share some similar morphologies as the others
described here but fail to meet all criteria required to be identified as one of these categories.
Sphericity and the presence of a dark central sphere are two elements that distinguish these images
from taxa other than rhizarians.

6. Medusettidae

Pairs of branch-like
extensions
(often 3 pairs)

.\ Sphere completely dark
or

Sphere + central sphere
(phaeodium)

5.0 mm

81408 034
657 939m

Identification: Medusettidae have an ovoid central part (completely black or with a phaeodium
visible in its center), from which (often) three pairs of long branch-like extensions (styles) arise
and projected outward.



Confusion with other categories: Possible confusion with Coelodendridae, but the later lacking

these pairs of styles (= styles organized individually).

Supplementary criteria: None.

Remarks: Medusettidae can be found as pairs or colonies of several individual specimens, as
shown in Figure 1.f (image with depth = 365 m).

7. Foraminifera

Central dark part
(lobate)
or
Central sphere with
a dark center

\ Network of long

pseudopods

© Linda Lanniello

5 mm
ccep0810_D44
0 588.1 m

Identification: Foraminifera observed in situ display a typical morphology consisting of a central
dark part (quasi-spherical or lobate chambers) from which multiple long pseudopods arise and
form a dense network, reaching up to ten times the size of the central test.

Confusion with other categories: Possible confusion with acantharians as described previously;

with some Aulacanthidae, but the former having longer pseudopods with often hair-like
structures; with some Coelodendridae having long styles but limited to 4-6 per specimen, unlike
the dozens of pseudopods found in foraminiferans.

Supplementary criteria: None.
Remarks: None.




8. Aulacanthidae
Aulacanthidae observed in situ can be separated into three main morphotypes (not necessarily
linked to specific taxa):
e Aulacanthidae ‘simple sphere’
e Aulacanthidae ‘spiky’

e Aulacanthidae ‘star’

Aulacanthidae ‘simple sphere’

Central sphere (dark)

/ = phaeodium
.'\

Grey inner part

Presence of spicules

5 mm
ccep0810_007
3096 m

Identification: Aulacanthidae ‘simple sphere’ is a spherical organism with a dark central
phaeodium in its center. The phaeodium is surrounded by a homogeneous dark sphere and from
the phaeodium arise several spicules going beyond the periphery of the main sphere.

Aulacanthidae ‘spiky’

5.0 mm 3
gcle_[ﬂ cast09 plG 13
83 437 m 10718 2627m

Identification: Aulacanthidae ‘spiky’ share the same general features as the previous
Aulacanthidae category. However, these ‘spiky” forms possess larger spicules, almost twice the
size of the ‘simple sphere’



Aulacanthidae ‘star’

u
5 mm
5 mm
| B L LS |
coepDa 10 056 goaplalflnge
2627 4226 m :

Identification: Aulacanthidae ‘star’
also share the same general features as
the previous Aulacanthidae categories.
However, these ‘star’ forms possess
larger spicules, almost twice the size of
the ‘simple sphere’, and more
numerous spicules compared to the
‘spiky’ form.

Confusion with other categories: Possible confusion with Acantharia, but spicules shown here

are not symmetrical; possible confusion with Foraminifera, but the latter possess hair-like
pseudopods several time longer than the spicules observed here.

Supplementary criteria: None.

Remarks: As shown for the second image of Aulacanthidae ‘star’, these forms can be found in

pairs of two specimens.

9. Coelodendridae

Four main morphotypes (not necessarily linked to specific taxa) can be distinguished among the

Coelodendridae:
e Coelodendridae ‘arrow’
e (Coeclodendridae ‘spiky’
e Coelodendridae ‘star’

e (Coeclodendridae ‘leg’

Coelodendridae ‘arrow’

S
« -
-
S ;. Smm , S )
plGa 21 ccep0310_045 plG 3
120104522m 0 4916m 11097 442 9m

Identification  (general): Like any other

phaeodarian cell, all Coelodendridae possess a
dark structure (phaeodium), usually located near
the center of the specimen.




Identification (key element): This category is characterized by an arrow-like shape. The

complexity of the ‘arrow’ change from one specimen to another (e.g., 3 or 4 tips, spiky periphery)

Coelodendridae ‘spiky’

ientification (i | )

This category has an overall morphology

- - similar to the ‘arrow’ organisms. Yet,

N specimens are characterized by small

S projections located at each tips of the cell. The

5 mm 5 mm number of projections varies from 5 to >7.

ccep0810_003 ccepD810_025
4595 m 7250 4692 m

Coelodendridae ‘star’

-’;\

5 mm

| W a.L1LL L S|
ccepD810 076
2185 952 m

Identification (key element): This category is characterized by a large central dark sphere from
which arise branch-like projections. The projections divide in a binary manner from the center to

the periphery of the specimen.

Coelodendridae ‘leg’

ientification (i | )
AN

‘/ Coelodendridae with ‘legs’ are characterized
by the presence of large branch-like extensions
(styles) arising from a (where
. the phaeodium is located). The number of

‘ S styles varies from 4 to 6 in most cases.

5 mm 5 mm
T Goep0e 100



Confusion with other categories: Possible confusion with Foraminifera or Aulosphaeridae as

described previously.

Supplementary criteria: None.

10. Cannosphaeridae

Central sphere (dark)

/ = phaeodium
-
\ Geometric meshwork

Eas (loosely constructed) at

)
ccepDB10 057 the surface
1602 367.2m

Identification: Cannosphaeridae are observed as large sphere with a loosely constructed
geometric meshwork (skeleton) at the surface, and, in its center, a clearly visible phaeodium.

Confusion with other categories: Possible confusion with solitary collodarians or

Aulosphaeridae as described previously.

Supplementary criteria: None.

Remarks: Cannosphaeridae can be found as pairs or colonies of several individual specimens, as
shown in Figure 1.j (images with depths = 413, 354, or 414 m).

11. Phaeodaria (Circoporidae?)

Dark grey and
irregular central
structure
- . Central sphere (dark)
2 v = phaeodium
' Straight spicule with a
< denser tip
Do
plala 2%
12635 432 9m

10



Identification: Phaeodaria (Circoporidae?) have a very consistent morphology composed of a
central irregular structure (dark grey) with a phaeodium in its center, and multiple (11-14) straight
spicules of medium size covering the periphery. The tips of the spicules are usually observed
darker and denser.

Confusion with other categories: Possible confusion with Acantharia. Symmetry can often be

seen between two opposed spicules but should not be considered as a key trait for acantharians
unless the symmetry is for all spicules. Also, until now, all images of Phaeodaria (Circoporidae?)
have been taken in deep waters (>400 m), an unlikely environment for acantharians (see
explanation above).

Supplementary criteria: None.
Remarks: None.

12. Tuscaroridae

Individual cells
with 2 styles

Central sphere >
connecting the cells

or
Intricate structure

x\v ,
5 mm
Goep0310_040
0 508,8 m

Identification: Tuscaroridae are almost exclusively observed as colonies composed of a dozen
individual cells. Each individual has a visible pair of extensions (styles) orientated outward. The
individual cells are attached to a large spherical structure or a large intricate central structure.

Confusion with other categories: None.
Supplementary criteria: None.

Remarks: Tuscaroridae can also be found as individual specimen (specimens observed during
recent process cruises of the CCE-LTER program).
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Supplementary Figures and Tables
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Figure S1. Location of UVP5 vertical profiles from four CCE-LTER Process cruises (colors) off the

Southern California Coast.
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Figure S2. GAMs based on selected niche characteristics of rhizarians in the three vertical layers defined
in this study. Solid lines represent significant GAMs and dashed lines, insignificant GAMs. Grey intervals
denote the 95% confidence intervals for each spline.
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Supplementary Table 1. Statistics for the different types of Generalized Additive Models (GAMs)

Approximate significance of smoother terms (F statistic) +
Individual contribution of each variable running the models separately

Overall model statistics

Group Chl a at Deviance
DCM DCM; Temperature LPMz Oxygen Silicic acid Ra2adj explained (%) REML n
Epipelagic layer (0-80 m)
; 6.91 *** 3.59* 5.72 ***
Overall population 16.7% 18.2% 16.8% - -- - 0.49 51 153.39 193
. 5.31 *** 10.35 ***
Acantharia n.s. 25 6% 19.2% - -~ -- 0.42 44.8 58.02 131
. 7.32 *** 9.31** 5.5%*
Collodaria 6.9% 9.9% 7206 - - - 0.21 24.6 23.66 139
Lower epipelagic layer (80-200 m) ++
- 11.53 ** 22.18 *** 5.79 **
Overall population 2008 | n.s. - 35 1% 25 204 -- 33.6%
24,79 *** 74,95 ***
2012 | ns. -- 46% 43.9% - n.s. |
5056+ s 0.93+ 94.2+ -34.69+ 193
2014 ' - n.s. n.s. -- '
40.8% 42.6%
7.45* 6.86 ***
2016 | ns. - 48.7% n-s. B 39.8%
- 11.84 *** 7.41** 4,54 **
Aulosphaeridae 2008 | n.s. - 25 9% 32 4% - 20.8%
6.18 ** 95,14 *** 446 *
2012 | ns. -- 0 . - .
697w 29.4% 25.6% 2313 f* 0.91+ 93.14 -24.41++ 175
201413370 ns. ns. - 26.6%
2016 | ns. -- n.s. n.s. -- n.s.
. 3.47 ** n.s. 7.11 ***
Castanellidae 2008 | ns. - 42 3% -- 12.7%
2012 | ns. -- n.s. n.s. -- n.s.
0.71++ 76.4++ 3.34++ 149
2014 | ns. -- 436 * n.s. - n.s.
16.65 *** 5.31 ** 6.02*
2016 | ns. - 15.4% 22.4% - 20.8%




Upper mesopelagic layer (200-500 m)

. 6.37 ** 16.69 *** 9.63 *** 24,43 ***
Overall population - - 16.34% 14.31% 12 35% 17.29% 0.63 65.3 76.93 147
Aulacanthidae - - n.s. n.s. n.s. 18.56 *** 0.12 12.8 25.72 129
Foraminifera -- -- n.s. n.s. 7.62 ** -- 0.08 8.8 20.14 81
o (i : 6.56 * 12.24 ***
2 - - -
Phaeodaria (Circoporidae?) 44.6% n.s. n.s. 490 0.44 48.8 7.15 43
Coelodendridae (0-250 m) - - 4,95 ** n.s. n.s. n.s. 0.26 31.1 3.72 44
Coelodendridae (250-500 m) - - n.s. n.s. n.s. 13.71 *** 0.14 155 4.357 77

+ Significance codes for p values: p <0.001 ***; p <0.01 **; p <0.05 *; p >20.05 ‘n.s.”

++ For GAMs on a yearly basis (see Methods), the individual contribution of each variable is reported running the models for each year separately. The approximate significance of smoother terms (F statistics) and overall model statistics are
those of the full GAM model, containing all four years together.

1+ Values are log transformed



Supplementary Table 2. Integrated abundances (#.m-2; mean + standard error of the mean) of test-bearing
rhizarians in four different cruises.
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